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PERFORMANCE AND NOX MODELLING IN A

DIRECT INJECTION STRATIFIED CHARGE ENGINE

by

Hikosaburo Hiraki

Submitted to the Department of Mechanical Engineering on April 25, 1978

in partial fulfillment of the requirements for the degree of Master

of Science.

ABSTRACT

A model has been developed to predict the performance and NOx 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 changs 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, 0, 02 and OH concentrations.

The model computes combustion rates, heat transfer and NOx based on
the same jet mixing assumptions without appeal to separate mixing processes

at each stage.



3

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
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SYMBOLS

A = heat transfer area

tore = cylinder bore diameter

b = jet radius in free jet

bC = jet radius when contacting with wall

C = specific heat at constant pressure

E = internal energy

H = specific enthalpy

h = distance from cylinder head to piston top

L cnr = 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

R = radius of piston cup
c

Re = Reynolds number

R = gas constant

R = radius of piston
p

R = radius of crank
cr

s = distance along the jet trajectory

S e = plume surface area

T = temperature

u = jet velocity
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ue = turbulent eddy entrainment velocity

V = volume

V c = piston cup volume

v. = parallel component of cross flow to u

vn = normal component of cross flow to u

vr = radial component of jet (swirl) velocity

v = vertical component of jet (swirl) velocity

w = angular velocity of jet (swirl)

W = work done by system

X = mass fraction of fuel in jet

Z = axial distance of jet location

a = entrainment parameter for the parallel flow

f = entrainment parameter for the normal flow

p = density

= equivalence ratio

o = tangential component of jet location

a. = fuel injection timing
1

0. = jet contacting angle with wall (see Fig. 4)

Er = crank angle (0 at top dead center)

A = Taylor microscale

t = characteristic reaction time for the microscalec
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Subscripts

= element number i

= inflow

= outflow

= entrained gas in the plume

= burned gas in the plume

= unburned gas in the plume

= the gas surrounding the jet

i

in

out

e

b

u

co
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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 concept 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 coiceptual 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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II. 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 NO 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

triangle to simulate mixing and combustion of successive burned elements.

Shahed,et. al. (7) intagrated this idea with assumptions that have been

widely used in spark ignition engine models (8,9) to compute NO . 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 model, 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 aiso 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. NO was calculated by using extended
x

Zel'dovich equations. Values for the (NO ) 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. (NO ) concentration and
x

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 (NO ) 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) valve overlap period

ii) intake period

iii) compression period

iv) combustion period

v) expansion period

vi) exhaust period

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

phenomena:

i) gas exchange

ii) heat transfer

iii) air motion inside the cylinder

iv) fuel jet dynamics

v) heat release

vi) NO formation
x

vii) 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 NO 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 elementsin 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 sppcified 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 predicted 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 assumpLion for the

N concentration and equilibrium valves used for H, 0, 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. A schematic of our model is

shown in Fig. 2. Every element is viewed as an open system. *

i) State equation:

PV. = M. R . T.
1 I gi I

V. M. T.
+ 1 1 1+(3-1)

P V. M. T.
1 1 1

R . = R (T.,P , ) - constant during each computing
gi gi 1 inera

interval

ii) Mass conservation:

M = M. - M (3-2)
i in. out.

1 1

iii) Energy conservation for open system:

E. =Q.- W+ M H. - M H(-3
1i i in. in. out. out. (33)

i -A-I I

*All symbols are defined on pages 10 and 11.
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iv) Internal energy equations:

E. = M.H. - PV.
S1 1 1

E = M.H. + M.H. - PV.i ii1 1 1

v) Work definition:

W. = PV.
1 1

vi) Enthalpy definition:

H.=C T.I pi I

C. = C .(T.,P p.)
1)3 pi 1 ,1i

- constant during each computing
interval

vii) Volume constraint:

V +V +0.....V
1 2 n

viii) From geometry:

2(R /L ) x sin6 x cosO
x sinO + L x ,cr cnr cr cr

cr cnr vi_ 2
1-(R x sinO /L )2cr cr cnr

2 1 cd6er
xBore xW dt

- PV.
1

(3-4)

(3-5)

V=R
cr

(3-6)

(3-7)

(3-8)

=9V



Values of Q., M. and M are given from several subprograms in
1 in. out.

1

advance before these differential equations will be solved. Total

number of unknowns is N elements x 6 values (E, N., H., V., W. and T.) +

2 (P and f). Since the total number of differential equations is N

elements x 6(Eq.(l) 't Eq.(6)) + (q. (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 V from Eq. (1) n, Eq. (6)

V.
I=(Q. + M. H. -M H -(M - M )H)

i M.Cp.T. 1 1 in. in. out, out, in. out. i
ipii i 1 i 1 1 1

M -M 2
in. out. V.V

V +( )P (3-9)N. i N.G .T. P
i ipi

Substituting V. in Eq. (7) by Eq. (9), we get

P = (V -A)/B (3-10)

where

n V .
A=Z iT (Q + M H - M H -(Mn -M )H

i=1MC T i in in out out in out i

N - M
in out

I(3-11)

24

I
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2
V V1

B = ( - - i ) (3-12)
tiM C PT P

=1 i piti

4. Jet Model

From the study of diesel combustion in a rapid compression machine

by Rife and Heywood(14), it can be Loncluded 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 consideration. From the

characteristics lengths analysis by Jain(19) 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 for turbulent 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 NO 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 "ox" 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 1/
ds -(pub u) = (p/p)/ p1 2/+ )(4-1)

dt

when jet is contacting with the wall

1 .1 2 1/20d s. -(pub u) = (p/p ) p 2Tb (1- e ).(alu-v + (4-1)ds dt C O c 27r il IIVnI)
dt

0.: jet contacting angle with the wall (see Fig. 4)

Max. of 6. = fr
J

ii) Conservation of angular momentum

d 2 d 2 2
d-(pub 2 uRw) = Rws-(pbu) - pub uvrw (4-2)
dt(Pbuw)=Rsdt r

ws: angular velocity of swirl

2
pub uV w: coriolis force

r
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iii) Conservation of radial direction momentum

d 2
dt(PlTb uv)
dt r

pb 2uRw2:

2 2 2 2 d 2
= pb 2uRw2-pit2uRw + V - -(ptb u)

s Roodt
(4-3)

centrifugal force

2 2
P Ob2uRw : force arising from pressure gradient swirlirg flow

on S

iv) Conservation of vertical direction momentum

d 2(p abuv) = v --y(prb2u)
dt z zo dt

(4-4)

v) From geometry

u = R2w - + Rw2
dt dt

dv
dR + v
dt r dt

dR _

ay-vr

vi) Conservation of fuel

d 2
(pib uX ) = 0

dt f

vii) Jet is in the combustion chamber

Jet location (R, 0, Z) ! combustion chamber

dv

z dt
(4-5)

(4-6)

(4-7)

(4-8)
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viii) For contacting angle 0.
3

2 2 0 20. b2

b2 = 2T 2x(l-_) +CsinO. (4-9)c 27Tr 2

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(21). 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 is 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 conditions.

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 at BDC) decreases when swirl magnitude goes up.

Under normal Texaco engine operation (swirl ratio 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) R <r<R

dM2

dt

dM1

- = 2lrhpvr

2 2
M = 7(R - r ) hp
S2 p

142 =(ir h + V )p

14.: the mass in control volume i

t: time

p: density of the charge

V : piston cup volume
c

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

(r h + Vc)P' + 'rrrph

h'
= K1+h

when K = c
1 rR2

p

h
Let X h

K

2 2
= - r(R - r ) (h'p + p'h)

p

(5-4)

(5-5)

(5-6)

(5-1)

(5-2)

(5-3)
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Then solving for p in terms of initial conditions at time to yields

p(t) = p(t0 )
X(t ) + I
x t+ 1

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

dM
1

- - dt
Vr 2irrhp

2 2
- (R2- r2)(h'p + p'h)

2rrhp

Using (5-4) and letting

dh
p dt

= piston velocity (upward velocity has negative sign)

R2 v (t)

rr 2K 2 X(t) (1+X(t))1 r
(5-8)

(b) O<r<R
c

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

dM -

dt

dM1

dt 2,rrrhpv
(5-9)

(5-10)k2 = V /GrR2 )

(5-7)

We find
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2 2 2 2
1 = w(R - r2) hp +ir(R - r2) K2p

M2 = 'r(h + k2)r2p

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

2 2p
ir(h + k2)r p' + wr ph'

2
= - Tr (R

2
- r ) (h'p+ hp')

2 2- (c- r )k2

h9) 
wp' = -k + h)p

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

v(r,t) =

( -1) V (t)
1 p

X(t) (1 + X(t))

(2) Calculation of Axial Velocities

(a) O<Z<h

dM1

dt

dM2

dt
2 -

wR v p
p z

N = R2 pZ
1 p

(5-11)

(5-12)

(5-13)

(5-14)

(5-15)

(5-16)



2 = rrR p(h-Z) + V p
2 p C

We assume

vZi (zt) = vpZ/h for R <r<R
c p

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

v 2 (Z,t) = V Z/h
v z2 (ZIO p / 1

- (R)

C (X(t) + 1) for 0<r<R

(b) h<Z

dM

dt

dM2  2
-- = R2 v pdt c z

M = TR2 h + 'rR2(Z-h)
1 p C

M = rR (k2-(Z-h))2 c 2

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

k -k +z
S(z,t) - 1 2
z k + h p

34

(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 k2 2

f f f pwr3dodzdr + f ff
0 0 0 0 0 0

momentum in regi(

= (1 - DECAY) x

on (1)

pwr dOdzdr

momentum in region (2)

R h 2w R k2

17 f
0

W r dOdzdr +0 00 0 II
27f

p w r dOdzdr

0

initial momentum

DEAY: swirl decaying ratio

From Eq. (5-24)

w(t) = (1 - DECAY) x
p k2R4 + h R

2 c op-

k R + hR4
2 c p

= (1 - DECAY) x
(h + k )
(h0 +k)I 1

k2R4 + h R
2c op

k R 4+hR4
2 c p

(5-24)

w0

w (5-25)
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Figure 7 and Fig. 8 are the calculation results using these

assumptions. At -50 BTDC gas movement is dominated by the piston

velocity and swirl. The radial velocity is almost negligible. At - 30

BTDC, 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 delay 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 it hits the spark plug but the fuel in the

jet element doesn't burn instantaneously because of finite flame speed

and a typical induction period. In the early stages of combustion

growth, this burning nucleus is 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
=- pp *Se*Ue

dt u b

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,

entrainment into the spark nucleus is dominated by the velocity of the

fuel jet

UeT 0.22u (6-2)
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ii) Combustion delay

Tabaczynski(29) computed a characteristic reaction time (T) for

a large eddy using a characteristic reaction time (tc) 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

dMb Mu Me -

dt -T T
c c

M : entrained gas in the plume
e

Mb: burned gas in the plume

N unburned gas in the plume

= X/Se characteristic reaction time for the microscale
c

A: Taylor microscale

intake valve lift
X = 0.17 x compression raio (Ref. (28) and (30))

compression ratio

Se: laminar flame speed (Ref. (28))



39

7. NO Model
x

The NO formation model is based on the same model as combustion
x

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 NO amount by computer simulation. This model

also calculates the transferred amount of NO 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

extended Zel'dovich mechanism:

K+l

N + NO N + 0 (7-1)
+2

K-1

K+2

N + 0 NO + 0 (7-2)
2-+
K-2

K+3

N + OH NO + H (7-3)

K-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, 02, H, OH and N2 are in equilibrium. A steady-state assumption is

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

chemical reaction;

2M (1 - ({NO}/{NO} )2)R
d{NO}_ no e 1 (7-4)

dt p (1 + K{NO} /{NO}e)

{NO} = NO mass fraction

M = molecular weight of NO
no

p = gas density

R =K (0) (N2) = K (N) (NO)

1 +1 e 2 e -l e e

( )e = mole concentration in equilibrium

R K (NO)
K= 1 =l e

R2 + R=3 K (02 e + K (OH)e
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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, ie., piston

top, cylinder wall, cylinder head, intake valve and exhaust valve (see

Fig. 10). These temperaturcs are estimated as 6500K, 6000K, 6500K,

5000 K and 7000K 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(20)

have been used to model the heat transfer process. The Nusselt number is

expressed as;

Nu = 0.035 R 0.8 (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

p = 7014 Br-0.2 P0.8 G-0.53[C + 100C2 0 0(PP )+ C vs] (8-2) ore C [ 1  2PV is 3 s
0 0

Q = CpA(T - Tw) (8-3)

B :bore
ore

P: pressure

T: temperature

A: heat transfer area

N: engine speed

V: total volume

vS: swirl velocity

P ,T and V : pressure, temperature and volume when intake valve closes

P. :when compression and expansion are isentropic

Woschni used an average piston speed ( j) as a gas velocity at the

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

than the piston speed for the Texaco engine and the swirl velocity term

(V ) 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

ratio;

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. Ignition 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. NO values were predicted within practical errors. NO concentration
x x

is very sensitive to the mixing process. The figure of NO concentration
x

histories in each element shows that exhaust NO can be reduced
x

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

3.875 in.

3.875 in.

6,625 in.

4.570 in.3

Valve Timings

inlet valve

exhaust valve

(1)

(2)

Opens

10 BTCD

0

55 BBDC

45

(1)

(2)

(1)

(2)

Closes

55 ABDC (2)

45 (1)

10 ATDC (2)

0 (1)

at 0.006 in. valve lift

valve face flush with head
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TABLE 2

Summary of Instrumentation

Air Orifice Inlet

Air Inlet

Water Inlet

Temperatures

Water Outlet

Exhaust

Crankcase Oil

Bearing Oil

Fuel Inlet

Fuel Returns

Instrument - All Points

Chromel - Alumel Thermocouple

Omega DS - 500 Digital Readout

Resolution 10F

Inlet Air

Crankcase Vacuum

Oil 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

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. 1125

H:C Ratio 1.825

Specific Gravity .80

Boiling Point 0F 106-648

Lower Heating Valve (Btu/lbm) 18038

Stoichiometric F/A Ratio .0694

FIA -%

Aromatics 29.5

Olefins 3.0

Saturates 67.5

Octane No. RON 76.6

Cetane No. 28.3
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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 fcr

the intake and exhaust port in the form of a plot of flow coefficient vs.

valve lift to effective valve diameter ratio (LID).

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

Y]+1

. C RT 1/2IP 2  
2 /y (2(y-1)

M = CvtA (yRT)/ .2/4(y-) (2)-Y(l)
vv [(7 P0

For choked flow, with the condition for choked flow being:

P

P 2

and

1/2

.P 1/2+ 2 2(Y-l)
M=C A ( Oc) (yRT) [ ] 2.

v v RT o I0(y+l)
oc
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where C = valve dischage coefficient
v

A = valve flow area
v

P0,T0 = upstream stagnation pressure and temperature

P = downstream static pressure
2

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

the 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 chamber 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 NO cal-
x

culation NO mass transfer through the intake valve is taken into

consideration.
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Appendix B

Friction Loss

The following procedure for determining F14EP 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.

1. FIEP misc & pumps

2. FMEP
cam gear

3. FMEPbearing

4. FMEPcrank case

5. E 'blowby

6. V,/1000

= o.39(N/1000)1.5

= [30-(4N/1000)]GH175/B2S

= (KB/S)N/1000

- E Eqns. 1,2.3

1/2 0.4
- [(P -P )/14.2] [1. 72 R -

a1 185

(0.49 + 0.015 R ) (N/1000)1.185

= SN/6000

= (21.93M/BS) Vp/10007.FmEP viscous piston
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= 2.11 S /B 2
8. FEP static ring tension

2
= [(P -P )/14.2][2.35 S/B ][0.088 R +

9. FMEP .al c
ring gas pressure

0.182 R (1.33-(0.121 V /1000))

10. FMEPtotal = Z Eqns. 4,5,7,8,9

Symbols

B: cylinder bore diameter (in)

C: number of cylinder

D: total engine displacement (in )

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

C

5: piston stroke (in)
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V : mean piston velocity (ft/min)
p

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 species 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) Fuel vapor coefficient for unburned, air and residual gas

mixtures.

ii) Chemical dissociation effect above 10000K for burned gases.
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Composition

. unburned gas

i) fuel vapor

ii) burned gas (residual gas)

iii) air

. burned gas

i) burned gas

II Combustion reaction equations (hydrocarbon-air, under 10000K

i) lean mixtures (4<l)

s4CH + 02 + 4N2 -eCO2 + 2(l-s)H20 + (1-)02 + tNl2 (C-i)

ii) rich mixtures (4>l)

elCH + 02 + N2 -* eCO2 + 2(1-e$)H2 + 2($-l)H2 + $N2) (C-2)

and water gas reaction

CO + H20

C

CO2 + H2 (C-3)

1-C



82

This reaction is in equilibrium with equilibrium constant K(T).

"C" is obtained by solving the following equation for its positive

root.

(1-K) C2 + 2[l-e4 + K($-l + e4)]C -2Kei(j-l) = 0 (C-4)

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

temperature range 400-32000K and is given by:

ln(K(T)) = 2.743 - 1.761/t - 1.611/t2 + 0.2803/t (C-5)

where

t = T/1000 (T = 0K)

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

TABLE C-1

i Species 0<1

1 CO2  4)-

2 H20 2(1-s)o 2(1-Es) +C

3 CO 0 C

4 H2 0 2(-1)-c

5 02 1-0 0

6 N2

(1-6) + 1 + $ (2-6) +sum
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where

41=

yp=

E:=

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 0 reactant

M =4(8e+4) + 32 + 28ip

IV Specific enthalpy and specific heat at constant pressure

6
i o = ) x.

i=l i

4 j.-
(a ij 5t + a /t

j=1 35
(C-7)

(C-8)
6 4.

Mh = x.Z (a.. t/j-a ./t+ a.)
i.l i j- ' 536ji=1 j=1

The coefficients a are obtained by curve fitting JANAF Table
ij

data to the above functional form. The values of a.. are given in
1J

Table C-2. The resultant C is in cal/g - "Kand h is in Kcal/g.

(C-6)
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TABLE C-2

Coefficients for Polynomial Fit to Thermodynamic Properties

Coefficients for 1000K<T<5000 K

i Species a 1 a13 ai5

16.653

- .20235

- .82383

.16170

2.3884

- 1.2958

181.62

-11.232

3.4187

2.9420

- .21821

- .031479

3.2069

-97.787

2.8280

-1.1790

-1.1762

.29682

.32674

-l.2022

20.402

.006767

.001436

.0004132

-.016252

.004359

-.0003458

-.03095

-93.75793

-57.0800

-27.196

- .11819

.103637

- .013967

-60.518

Coefficients for 5000 K<T<60000 K

I Species a.1 a i2 a.
3

a 4 ai5

1 CO 211.940 2.0886 - .47029 .037363 -. 58945

2 H20 6.1391 4.6078 - .93560 .066695 .03358

3 CO 7.0996 1.2760 - .28775 .022356 -.15987

4 H2  5.5557 1.7872 - .28813 .019515 .16118

5 02 7.8658 .68837 - .031944 -.002687 -.20139

6 N2  6.8078 1.4534 - .32899 .025610 -.11895

7 C8H18** .55313 181.62 -97.787 20.402 -.03095

*picked to give enthalpy datum at QOK

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

ai6 *

-97.1418

-56.6259

-27.7346

.76498

- .89346

- .33184

-60.518

Different

ai6*

1

2

3

4

5

6

7

CO2

H20

Co

H
2

02

N
2

C8 H18

4.7373

7.8097

6.9738

6.9919

6.2957

7.0922

-. 55313
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V) Molecular weight of the

m/((-)+1 +$)

M/((2-E) +$)

burned mixture

$>1
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APPENDIX D Computer Program



o/

Program Listing

crcrcrCCCCCCCCrCCCCCCCCCCCCCCCCCCCCCCCCZrCCCCCCCCCCCCCCCCCCCCCrCCCCCCCCCCCCCCCC
CC
C *** PPEDICTIMfl, THE DFTATLF) PEPFOPMAJCE AND EMTSSION CHAPACTFPISTTCS*** C

C F* o THE T-XACO CONTnLI -D-COMRIJSTION*STRATIFIED CHARF E'GINF ** C

r. C

C
C
C
C
r
C
C

THIS PWOSPAM HAS RCFN )EVELOPED IN URDFA TO PPEDICT THE
DETAILED E0FOMANCF tNb THF NOX F'lISSION CHAPACTERTSTIrS OF THF
TCCS STOATI"1FO CHAnE EtGINEs GIVEN ENGINE GEOMETPY, FUFL DPOPEPTIES
AND THE nPEPATTNG CnNDITIONS.

THE DETAILS OF THE THEOPY
AND ANY ITHFP TNFDP"iATION REGAPPINS THIS PROGPAM CAN BE HAD FPOM

SAq(H).IRAKT31-11'9, 253-23A
C
C*** A.i PiGHTS 0FLATE) Tn TH PROGRAM APE RESERVED RY SLOAN AITOMOTTVF
C*** LABOPATIWY. M.I.T.

C***WAPNING*** TAIS OROGPRA IS NOT FINAl VERSION. THIS DROGrAM WILI
C 9F CHANGED WITHOUT 40OTICTNG IN FUTURE.
C
C INPUT VAPIARLFS
C srr INPUT SUPROJTTNF

C OUTPUTS
C ANGLE= CRANK ANGLE PFG
r ,PPESS= CYLTNDEP PFSSlIRF ATA
C DPM= NOX CONKEJNTPATION OPI '
C WHO= NOX MASS 5*l0**6
C NJM=ELEMENT \LMPFR

C *=I NOT YET :URNEO
C ? PLUME IS DEVELOPING
C 3 PLUME HAC FULLY nEVFLODED
C T.T.AV= TEMP'PATIPE OF THE ELEMFNT
C ITEM= UNRIURNCD TFMDEPATIIRF K (FOP JET E.EMENT)
C qTF = BJRNED TF'4DEPATIIP K (FOP JET F:.EMENT)
C 'ACS: TOTAL -ASS OF TwE ONE ELEMENT MG
C PMA = PLU'1F MASS MG(r9W JET ELFMENJT)
C PmASS= sUDNE) GAS MASS M$(FO9 JET ELEMENT)
C V = VOLUME CM**3
C FOIJ= EOIVALENCr PATTI
C CP= SPECIFIC HEAT AT COMSTANT PPFSSIIPF CAL/G K
C FNTH= ENTHAL:Y CAL /G
C DP: NO CONC:NTPATJON 'PM%
C WN= M A S S OF 1O G1lf**se
C P= JFT LOCATTON RAPTAL CA
C 7= JET LOCATTON AXIAl CM.
C FG= JET LOCATION TANGFNTIAL PFG
C HLOC= HFAT LnSS CAL.
C PATTO= PIJPNE '4Aq5 FOACTE[O
C S= OuTPuT POWEP TITAL ;p:ZE INTAKE VA.vE OP .P

C r &FT= INTAKF EFFCCTIVF rLl4A REA CM**?
C GWT= INTA<F 'A SS FLOM G/S
C AEFF= EXHAUST EFFECTIVE FLOW ARFA CM*d2
C GWE: EXHAUST MASS FLOW G/S
C
r
C S IIPPO'JTIPIES PFOUTPr)
C 1. * GF
C 2. nPEraa
C '. !N"OP
C 4. rXPOP

C
C
C
C
C
C
c
C



88.

C 5. EATP
C A. TNPUT

C 7. CALCU
C A. DELTA

C 9. OCAL
C 10. JFT
C II. 'GAS
C I?. CONT
C 13. FNT
C 14. VOLCY
C iq. HPROD
C I6. CLDPP
C 17. DEPIVS
C IR. ONOOT
C 10. FOI

C ?n TWODTM
C ?1. 'JPROP

C ??. PTCrHEM
C ?1. NKNSOL
C ?4. FRICT FRTCTTONS
C
C

COMMON/EPRIP/ TECHF(inn) , EFJEL(lOfl).E ANGL(lO0f).F'4IT(100).
1 DHFUEL (0) .0LOS (100)Q )TEM4AS(I0)0.)uFMAS (IoA) .
1 FPGAS (100) .ECP(f100),FEMTH (R, lfl) .nMASS (Ro,100) ,EEOJT(Rlflo).
1 EVOL(3.,lOf),ETEiP(AilOO),PCYL (R)
COMMON /STaTF/ A\JLFIADLE.CONDASED,NSTEP.IF
COMMON /STATL/ PPM. JLAST .NJE T.PHIO5.P$9
COMMON /T [TG/ ATNTO, AExTOAINTC.AFxTCAFLJELS. AFUFLE
COMMON /GFmT/ STPOKPRE"*,CONL.VCLFIhN.VCtJ ,PCIJPCYLN
COMMON /SIJ%]/ STGIKT.STGExT.STOFXT
COMIAON /tIHFTOS/ NfIVTrh.T MEF4AL(lfl).()HT C(1O),6ARF(iO)
COMPON /HETl/ PRAfSF.TAASEzVASF,CfHT1,COHT?.COHT.THP(10)
COMMON /SJA?/ T TsIMT, T T rEX T ,TTOF X T T T WTR (1In) .TOHT R ( In),oPC
COMAON /FIJLP/ FLEL.F<CA,.Z,7M,?N,'ST.SAFC.V4CAL
CO'MON /JFTTS/ P JET (SO),HJIrT (50),9 AJFT (n)d.bJFT (S0) .THFO (50) .
1 VPJET(;O).V7JrTC(S)wJFTC(50).VJET(S0) ,A IN(50)O,9HJFT(S;O) .
2 "ITCH(90)
COMMON /PLHME/ P'Aft9(0).#fASS(5).P3LUM(50),HRMASS(50)

C"QON /JETDAT/ 4SwTyn.Aj'IHA.qFTAr-d3,s
CO"MON /SiJWrAS/ CSWTR.Ws4I9,SfFCAY
COMMON/COi/ PPLIJ4n.FNITIHRLFs DASDA9,TSCALF
COMMON / OSIPE/ LPT.TNP,LINECO,LINFST IvITELLTTrL
COAMON /NOYSC/ CONN (ln ) .PDmNr)( Io ) *4\J (lnn) qr %r ( In ) .cPMEXT

PIMFNSION ,O74FP(5) .TMCPJ(I00')
PFAL*4 MrIA2
COMMON /FUrL/ AF(6),%F'4,CX ,dY.07.0LOMEP
COA% O/DANTI/xI/CMPSTN/A(1) .MAAP
COMAMON/CONTL/ AST IN,4ArTC..ASTCP, ASTFx, ASTOs,,PPININPRTNCL.PPTNrY,
I PPTNQV
COMMOi/IJFP/ NT\EF.XTNIF~(20) , YIJFF(?O) ,APrZTNDPINTT TNNT ,INT.
1 OJUINT,44A8TNT.XTNV

COMMON/F XFi/NFXrF.XryrF C ?) , YFXEF ( 0) , PrE ,PEKT, TEXT, GFKT.
I vEFT.LrFT.ETF ELEFT. AEXTXFV

rOMpiON /A'4iTE/ TAM.OA%

CO4MmN /FPTOT/ PRCKTQT.FrAjRTNrNJ.FMF10)
nTMENRION iTFPU(5).PLT:MP(cs).PrNJ(SO)
O T MENSION y TEID(10) .yrD(10)

rTMFNSI(N YO-A (?),YPOV ( 2)
C
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C DATA OF SPrCreiC HEAT AT crNSTANT PrPFSjJE VS TFMPFRATURF
n fATA OF TFPPrPAT!IRF

DPTA XTFMP/
1 5flO. *1000., 1Sf0.. f00..2 Y 3.,?SO0..2 ? 10. .3000., 3?50g620n./

C ATA OF s PECTFIC HcAT AT CNSTANT PPr5,UqE
DATA YCP/
1 0.?6.O.3,O.34.0.37.0.43.0.31.,C.T7,o.54, 1 .?4. 1.*/

C CAPO PFADEP AMD LINE PRINTF;
I jP=5
LDT=6

C JCONO=I VPALVr OVFRLAP PFRTaD
C CO0D=2 INTA<E POOCEC,
C JICObrD=3 COMPF'S STON PFPTOfl

C jCOiD=4 COqi-STTON AND F XANSION PEPTO)
C JCOMD=5 EXHAU)ST PPOCFSS

9001 CONTINUF
ASTEP=2.0
PS =3.76

C
C INITTALIZE hCosUT'9N CONOTTION
C IECHE=1 NOT YET PIj)fNEf
C IFCHE=? 'LUF IS EIELOPI'JG TN THE JET
C TFCHE=3 DLUME TS FULLYY rEVEL OPED

On 1010 1=1.100
TECHE (C) =1
CompJO( 1)=0.

1010 CONTINUF
COMAX=10.
MAXTTS=15
JLAST=1
LTTFL=l
RCSFRK=O.

C TNPUT SUPPOUTTNE

C iLL INPUT
C

C MACI =0 PE~rOPHANCE ONI Y
C NOCiJ-=I (40) CALCULATION dILL, RE DOnF

NCCUL= I
C Qn YOU WANT NIX CALCULATTON?

PEAD( TNP, 30?) NOCUL .PPMF'ZT
C
C CALCULATION STARTTNG CPAN!< ANGLE AND EN)JNG CDANK ANGLE

PEAr)(INP.?3) ANGLES.At AlSrT
rFL=ZN/ZtA
EFtEL(1) =0.
ENITIN1=FNT (TIIN T .rOt IJTT,RC AFC)
Ir=1
ANJGL E=ANGL r5S
ANGLE =ANGL ES
CALL V3LCY(A'4iFFVOLfI2.l),DVCYLSTPDKE,80?ECONL.VCLFARVCIP)
VCYLO=FVOL I?.1)
FrNTH(?,1)r:ENT(ETEMTO(?,1)EEOUT(2?d).SAFC)
ENT fj2=EF-NT a (?,.)
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CALL HPPOD (PCYt. (?).FTFMP (2,v1) ,FF11T ( 2,1)EP.S TD 'JMflUOhJM,
1 )UMDU4,FAwT (I),EFPGAc(I) aCVRG.nUM)
F''(1)=ENGAS(1)/41.443+CVG
reASS(2.1)=PCYL(P)*FVL(2,1)/(FPGAS (1)*ETEmP(2,1))

C
C INITIAL CONDITION

Inn TTSINT=0.
TTGFXT=.
TTOFXT=0.
TGLFFT=fl
T-AX=O.
PMAX=0.

P571=0
p'Fx=o.PqFX=O.
JCOND=O
FNJT IN T =ENT TN?

200 CONT INUE
no 10 I=I,,iDI"Tr)
TfHTR(I)=0.

10 TTOHTP(I)=0.
C
C SWIRL DECAYIr; FACTOR FWI R=1. AT THE TIME OF INTAKF VALVE rLOSING

F cWIP=1.
3000 CONTINUE

PCYLO=PCYL (2)
C

CALL OPERA
C
C P INJCE KUTTA "EPTHOD

CaLL UNGF(ENTTNT)
ANGLE=ANGLEI+ASTEP
TTCINT=TTG TNT +STSU;IT*A ST EP
TTGFXT=TTCrXT +STGFXT*AST:.P

TTOFXT=TTQrxT+STOEXT*ASTEP
00 3400 I=1.NfTVI

1900 TTOHTP(I)=TTQHTP(I)+TO&TR(I)*AcTFP
C
C CHFCr" THE INTAKE FLOW

TF(JCOID.Gr7.3) G) TO r70
F(TTGINT.ST.0.) GO TO 572

C
C TMT WE FLOA Iq RFSTOUAL GAS

PT INT=PNT TNj?
Y) TO 570

C
C T'Ta<r FLOW IC FLFSH AI

57? FNTINT=FRT T N1
570 CrIT INEIJ

CALL VOLCY (A NGLFIVCYlNI 1/CYL, T QnwF :53RF CnNL 9VCLFA R.VCJP)
r)DS= ((PCYL (?) +DCYLn) /P.-3AM3) *(VCYL-N-v CYLO) *CYLN*QDM/Qn000o.

vCYLO=VCYL M
PR=PS. PS
IF(JCNO'-2) -? 3P .50.,5Qr

SVI PS IN=PS IN+nPS
GO TO 530

590 7F(JC00r;-5 5 3ne595.590
91;PSFX=;.5FAciPS
53(r r, 0 1 6T=lrflvrfl

IfA T TOHTP (1) =r T)t4 (c) +THT4 (I) *ASTFP
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500(

510

Ir(IGLFFT) SOne.500.S1
GLFFT=GLEFT-STGEXT
IF(CLFFT) ;?0,gool510
TGLFFT=I
CONT INU
TF(JCON.Nr.4) 61 TO 4500

C COMRUSTION 40 ITINF
r
C FSTIMATE THE DLUME TEMPEPATJRE

DI 3700 I=I.IF
IF(IECHE(I).E0.2) GO TO 3O00
AJTEMP (I)=rTEMO (?, T)
PLTEMP () =rTEMP (?Ti
PLFNT (I) =FNTH(?.I)
GO TO 3700

3Rn FNTJET=EENTH(?.1)
CALL TWODIm(nXTEMPYCPPLTEMP(T).P.CP1)
PLCP=PLCP1
ENTPL=(EEJrTH(2.)*RMA CS (2,I)L-ENJTJET*(4MA SS(?. T)-PMASS(T)))/
1 PMASS(I)
DPLT=(ENTPL-'LFNT (1)) / LP
DO 3820 J=193
PLT=PLTEMP(T)+.PLT
TfUM2=PLTEAP (T) +.PLT/3.
TOtJM3=PLTEmP (T) +OPLT*2. /3.
TOUM4=PLTE"P ( I) +)PI T
CALL TWODT.(l0. K TEMPYCPTDUM?.CPIJM2)
CALL T40DI (10,XTEMP.VCPTDJM3.Co00i3)
CAI L T 4OO1M (1n, XTEMoYCo TDJM4.CDDIJMM4)
OPLT=(ENTPL-PLENT(T))*(1e/PLCPl+2./CDUM2+2./CPUMl+1.e/CPUM4)/S.

3q?0 C'nNTINUF
PLENT (C) =ETPL
PLTrMP (I) =DLT

3700 CONTIfTiJE
IF(NOrUL.Ft.0) Go TO 4500

C CALCIBI ATION or NOx CHANGF RY MASS TRANSEEQ

no 4012 I=?.IF
CONN O()=CINNOC() +COThO(1)*SUMDM(T)/(EMASS(2?I)-SIIDM(1))

4flJ? CONTINUF
C0NO (1)=C0"N O( 1) +CoNJO (1)*SUlMCm (1) /(EMASS(?. 1) -SIMD'M( 1))
nO 4010 T=1.Ir

TYSPI (I) =FtASS (2. )/EMWT CI)-
TF(IECHF(l).E0.1) GO T) 4020
Tr(TECHF(D.EQ.3) GrO TO 4040
PL SPI=PMASS (I) /EMWT (CT
Go TO 4'50

404fl PLSPI=TMSPT (C)

4050 CONTINIOF
CALL FQTR(DLTFMP(I) 0CYr..(2),FFOUT (?I),ITFLA G.7MOFR)
Ir(PLTFMP(T).GT.?4nn.) r,3 TO 4022
T TNO=I
O TO 4024

4flP TTNO'=4
4A74e AcTN=ASTE/R1 ;OAT(JNM)

00 4026 TTI0=1.TINPM
Cr.L D 0DT (PLTF'D(T) . CY (2) .PLSPT .zMOCr.TTFLAG,CoNNflT),

1 flCONThO)
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CONNO (H) =C\1%4 (1) +fCONINO A STNO/ (RDM*S.)
40 '1 CONT INIIF:
40?l PnMNO(T)=1000000.*O\II;0(1)/Tt4SOT(T)

oNO (I) =30.*CNNO( I)
401f CO'TINWIF

-TWSPI=n.
TCONNO=0.
TTMSPr=0.
Twt O=0.
On 4030 !=1.IF
TCONN0=TCOwJ0+CONNO ( T)
TTUSP=TTMSPI+TMSPT (T)
TWN(=TWN0+WNO ( T

401 COn'JTINIJE
TDP=1 000000.*TCONNO/TTMSPI

450 nCOnJTINIJE
LINEC0=LINrC0-
IF(LINFCO) 2000,2000,?010

C DOTNT OUT
00n GO TO (2100,2?00.2300,2400,2500)JCO'Jt

C VALVE OVEPLAP PEPT01)
?in1 lGrNT=sTGINT*CYI.N*6.*DPM

;r,;XT=STCEXT*CYI N*6.*ROm
HTPS1=-TQHTP(1)
HTPS2=-TT4TP (l)
WPTTE(LPT,2900) ANGLFIPCYL(?),ETFMP(2,1).rVOL(?,1),S,
I FMfASS(2.1),MT-)Sl - ,TPS2 , AREINT.SGNTAPEEXTSGXT
GO TO 9100

C
C ITAKE PPOCESS
7200 G'tT=STGINT*CYI N*6.*QDM

HTPSI=-TOHTP(1)
HTRS2=-TTT4TR ( )
WQITE(LPT,?91o) ANGLF1,PCYL(2).FTFMP(d,1),rVOL(?,l),PC,
l FMASS(,1),HTQS1 ,NTPS2 -*ARFINIrGGNT
GO TO 9100

C
C COMPPESSION P'OCFsS

2300 SPAT=WSWIP*180./(3.1416*6.*RoM)
HTPSl=-T'TP())
HTPS2=-TT0TR(1)
WDITE(LPT0,920) ANGi.ElqDCYL(?).FTF4P(2.1)qfVL(2,1)qPS,
1 FMASS(?,1 ,HT-Sl ,HTPS2 ,FSwTP.SRAT
GO TO 9100

r
C C0QJSTIOH PF)I()r
C EYDA]SiO'J t1DErTOfD

40 0 CONT INIJP
TF(TE.E0.l) GO TO ?300
HTPSl=-TOHTP(1)
NTPS2=-TT0aTR(1)
TOATB3I=0.
on 2410 I=?.IF

;41n TflAT3tI=TPATR0+H:lAA4C (T)
T- tT31J=TPATr/F0L
coAT=1-W Q*180. / (3. 141l6*5.*RPM)
Tr(CCo.rn.0) GO TO C0
T'AntX x =Tvwnf*l j *06
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Y')ITE (LPT,)430) ANGI.El ,F YL (2) ,PS 9 FSmIQ.S~hTqHTPS?
WPITE (LPT.2131) wTATRIJ*VZYL4J,PHTOTPi. TWtxxHT RSI
'VI TO 95l

5QJ0 WQI TEW(LPT,2930) ANh.FC1.0 PCYL(2).PS.FSMLR9SRATHITPS?
wPTTE(LPT.293?) TRATe4I.V:YL4,PHIO, HTPS1

c01; n 5020 I=I.IF
H4LOS=rpHLOC (I)
F(NOC'JLa.F.0) GO TO G 0?2

Ir (I.rO.1) GO TO 5024
C
C NIX AND JET ELFMFNT

AJF=AJET(J)*1RA./3.1416
ACO=THEP(l)*jpO./3.1416
FMASMG=EMACS(2.1)*1000.
PMASMG=PMACS (1)*100n.
RMASMG='3MARS(I)*1000.
RaTRU=HPM'ARC(4) /EFFL (I)
WNOPMG=WN ( I ) *1 . **6
WPITE(LPT,?936) TIFCNE(I),ETEMP(?. 'e L TE4P(1) .RATRUL
1 rpASMG ,PMAS4G ,PMASMG .FVOL(?.1),FFE')1J(?.I).ECD(1).
? ENTH(2,1),PMNO (1) .h0O'AMG,9JT(),-IJE TCI),AJEBJET(T),ArO.HHLOS
Go TO 5020

C
C NOY AND ATP
50?4 EASMG=EMAAR(2.I)*1000.

WNVMMG=WN0(1)*10.**6
WDITE(LPT.?937) T, IECWE(1),ETFMP(?,l)

I FP4&SMG, EVOI.(2.1),EE21(?,I),ECP(1).
2 ETNT H(?I) . PPMNOC(I) .wjoMG, . HHLOS
GO TO 502

C
C PFPFORMANCE AMID JT

502? IF(I.FQ.1) 60 TO 5026
A JF=AJET (I) *IPn. /3.1416
AC0=THEP(I)*1An./3.1416
EMASMG=EMA4CC (2.1)*1000.
DMASMG=PP1ACS (I)*1000.
PPASMG=RMAczC (1)*1000.
PATRU=HPMACC (I)/rFlIFL (I)
WOYTE(LPT,2934) IFCWE(1),ETEMP(?,T),0LTEmP(T),ATBU

1 FMASG ,PMASMG .PMA S'AG ,FVOL?(.1).EEUI(?.I), ECP(T).
2 FFtITH(?,1) ,4RJFT(J) -IJrT(I) .AJEBJETT(T) ,AroHHLOS
G0 TO 5020

C
C PFPFAPMANCE A MA Al P

q02A FMAStr=FACS(.T)*1000.
WPITE(LPT ,93A3) TIFrHF(I) ,ETFMP (?T)
l FMA SMG. EVOL(2.I).EE)'1 (?.I)tECP(1).

' FRMTH(2,p 'l.HHLOS
5020 CONT INUF

GO TJ 4100

C FYHAIIST PGOCEcC
,500 G'iXT=STGE AT*CYLN*A.*D2%4

wTPS;2=-TTOaTR(1)
wPTTE(LPT .2Cn) ANGLF1.t1YL(2).FTFMP(e,1)VOL (?,J)q DS,

i ra.rS(?.1).HT-s1 .TO52 ./VA XTGGxT
GO )TO fl0

~9no Pf'lO(T (1r .F5*..
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1 1x.F6.?,1w,Fb.0, IXF6.0.1xFS.?.?XFB.3.
1 E11.3 *F11.3 .1XFe.2,IKJ7.2.2XF6.2,1X.r7.2)

?9JA FOP'4AT(IH .F5.1.
I ly.F'.?.i wFbo.Qlx.F6.n lX.F6.?,2XFB.3,
1 I-.3 .11.3 .1Xr.?*1X.F7.2

,9?n FOPmAT(IH .F5.1.
1 1X.F4.?.lY.F6.OlXF6.0.1XF6.?,2XF8.3,

1 F11.3.Fl1.3,1 Y,F6.3.1 X.h6.2)
2930 Fl0AT(/9 ,rr. 12Y.01PPSS.=IF6.?,IXKIPS=IF6.lXIFSWIP=,FF6.39

1 IX.'S.PT=s .F6,31jX, .Cdju.H.RJ=@.E9.3)
P931 FOPMAT ('x-HToT AL, 14X.F7.3,21X,?F7.?, 14xF7.0,F7.0,30X.E9.?)
?91? FOPMAT (2X.iHTOTAL.14X.F7. 3,21X.2F7.2 14X ,44X.E9.?)
P934 FORMAT(2X.T2. XT2?.?F7.0,F7.3.3F7.1.2F7.2r7.3,F7.1,14X,

1 Fr'.l1F6.2.F6.oer6.3,F6.3,E9.2)
P93 FOPMAT(?XT2 ,1 T2?F7.oF7.33F7.1,2F7.2.r7.3,F7.1.F7.OF7.?,

1 F6.1,FE6.2F6.fF6.3,F6.i,E9.2)
P937 r0P4A4 T(?X, 7,1X 12, F7.0. 14XF7.1,14X.2F7.2,F7.3,F7. ,F7.,

I F7.0, 1bXQI?XFQ.2)
293R FO'rIAT (?K. T? IX * 1T2, F7.0, 14XF7. lj4X .2F7.?,F7.3,F7.1.

I lP-XqI2XoF3.2)

2940 FOPMAT(1H .FS.l.

I 1X.FA.?.lIwr5.ojX.F6. 0lXF6.?.2XF8.3,
I FI1 .3% E)1.3 ,lXeFo;.Po1XoF7.2)

MoO CONT INUE
L TNFCO=L INFST

2010 ir(PMAX-PCYL(?)) 7An0n7030.703n
700l PMAX=PCYL(P)

DMAYANA'rGE Fl
70 30 CONT INEJF

C IF THE TEMDEPATIPFS OF EVERY ELEMrNTS ARE BELOW TEMLOW(APOUNF 1700K).
C THEPFWTLL RE kJO CHA4\GF TIM VALIr.
C WE WTLL CONSIIEP ONLY OJP AVERAGE ELEMENT,

TrMLOW=2200.
tF(JCONJ.lrc.4) Gfl TO 7306
AAN=ANGLEl- (AFl ELE+30.)
IF(AAN.LT.o.) 4;0 TO 7l0
jF(IE.FO.1) GO TO 7300
yF(FTrMc(2,?).,GT.TrMLw) 60 TO 7300
IF(FTEM'P(2.,1E). GT.TFMLw) GO TO 73(0

C
C CALCULATE THE TOTAL MACS AID E'THALPY

TrtJTr=0.
TvASS=0.
no 7320 I=1.IF
TVNTH=TFTH+FFNT4 ( 2* fI *r4;SS (P,1)
TkASSrTMAS.+EMAASS (2.1o)

'320 CONTIt'UF

C CALCIILPTF THE AVFPASE ENT-A-PY
AV/FNT=TF'4T4/TMASS

C CALC'JLATF Tr'E AVEQASE TFArCATJPF
r FTOCT FIrno )lTt P-F EtFMFtIT MrICH FNTH'L 2 Y IS CLOSF TO THF

C At/OrArE F'THAt: Y
rONTM=1000.

T T=]
r' N7323 =1.F

OFNrT=-JS ( A ET-FNTH (?, T)1
TF (fCTbt.L T.)RFJT) GO To ?733Q
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DFI T MD=EN T

I TT
733n C'HTIA'UF

C
C rFr) TIE THE NEIE4 DoP0rTIsc

FT9:'P(P,1)=F-TEOP(2.Tl)+(AvENT-FFNTH(?e TT))/FCP(Tl)

rrOI'I (2. 1 ) =3H6fl
FrNT -(2.1) =AVRT
7"ASS (2. 1) =TMASS
CALL HpOO(DCYL(?)rTFMP(2,1).FFUT(2.1)DrL- P TENT-ILPCCUPP,
1 CStT .RHO.DRHOrOTO)PH)O9PiE MWT(1) .FPGAS (1) CVBG.FBG2)
rCP(1)=rRGAS(1)/41.441+CVRG
EvOL (?.1) =CYLN

WOITE(LPT,7340)
WPI TE (L.P T7342) DY ? TM 2 ), dl(.).FTH(,1
1 rASR( .1)

yr(NOCUL.ED.0) G1 TO 7331
C
C NOX AMOUNT #ILL RF OEFTNFD.
C FXHAUST NOx fN MASS PAsr

ANOXEX=TWNI*TTGIT4T/T 4PsSS*RPM/120.
WPTTE(LPT,7450) TPPMAW)XFX

7331 CONTINUE
WPITE(LPT97420)
WPTTE(LPT,743)

7340 FOPMAT(//,10XI***FXPANSION PROCESS IS CALCULATED AS ONE FLEMFNT**
1*1)

734? FOPMAT(15X.,KHPRFSSJQF = ,F10.2?'ATA*,/,
I 1SXIRHAV. TFMPEPATIJPF = .FlO.).IS OEG'./
? 15X.18HAV. FQJl. QATT2 =F10.39/9
3 l5x,1Htv. ENTHAIDY = ,FIO.?,'CAL/G',/,
4 I5%,T8HTOTAL imACS = *rjn.40&)

74?0 FlO,"AT(/2x.4HT-F0l.3V.4- ,3X.4H T e3X*44 V .3X,4HWORK.

1 3X,71CYL.'"AS,3. 4 HEAT TPANSFFQ, 7X,4HFS'P,I3X,4HS.0T)
74310 FOP'4AT(2X .4HPF, ,3A1444AT4 3X.4Hi K ,?X.5HCM**3,3X4w PS.

i 3X.7H 6 .3XUt-I CA./A CAL ,11X,3x,4*PROM)
7490 FOQ'AT(//,10X.e**FYHAIIST \OX***@,/.

1 15X,15H-\X COMCF'I. = ,F1f0.1,OP-',/.
? 15yI5-TOTAl. MACS = ,E12.3.'G')

731)0 CfNTIIN'tF
IF (ANGLE1I-LAST) 7040.70350. 7050

7040 no TO 3000
700 rn CI T I'(E

TTFXT=I
O'AAN=TTOEYT/TTGr*XT

T XT=7r,0.
7?4 fV=ENT(TEXT.EFOJT(?l) .SAFC)-OMANY

00=00/> AN T
Tr(ABS(%) -0.00.3) 7??A.7220,7230

7230 TR(TTFXT-?) 72o.7?l0,7?l0
7?00 TTEXT=?

X POM (1) =7 7o.
YQOl ( I) =P -)

TcXT= i00.
rrj TO 7?40

7?1n Cf'l.L CO T(T X T.9P0.,....X(01, YPON4,TT*AT)
ITEXYT=ITE-X T kl

Tr(TTFXT-?) 7240.7??l,72?U)
7;P>n rTTI-'UE
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TTr:ITrL+1
WDITLCL.T,a090) TEXT
GO TO 70h0

7070 C0NTINUE
rr(!TFL-LITFL) 7?o,7?'eS,7040

??Ao ANLEt=AIGLEl-7?0.
SO T) 100

70A0 C"NTI4UE
VsTPo<J=90r* o4E*STPnwE/4.*3.1416
CALL FICT
WPITE(LPT09) FMFP(?).r7&E(3),FMEp(4),FMP(5),FMrP(6),
1 FtAEP(7),F>FP(P),FMFa(1)
ATIFP=PS/VqTR0/*7c;An0n0,/(ROIA/120.)
PtMrP=PSIN/VST00*7;nlr0./(Po)M/120.)
PF'P.1EP=PSFX/VST)0*7c0onO./(RPM/l?0.)
PMEP=AIMEP-F4EP(1)
RHP=MPEP*VT0rK/7S00nO.*(R'N4/l?0.)
AISFC= FUEL*3600./PS*PPM/120.
PsFC= FUEL03600./RHP*00M/120.
WPITE(LPT,4000) 'IMFP.PSIN
WPITE(LPT9nl0O) PFMFP.PrEX
WDITE(LPT4Q020) AIE'FP.PSAISFC
wDITE(LPT49030) 'RMFP,RHPPSFC
pHEPE=TTJ'TP()/(FIIFL*(F<CAL-VACAL))
PFPMI=CYLN*PPM/?*.
n) 17 1=1.DIvITO

17 TTONTP(I)=TTQHTR(I)*DPRMI
WDITE(LPT.05q)
WDTTE(LPT.pfl3) (TTQHTQ(I),I=1,NDVT)),RHEWF
4PTE(LPT.4070) PMAXP4A AN

?3 FC'MT(AFI.0)
301 F09MAT(2)
30? FoPMAT(12,rlo.n)
Rflfl FO14AT (///,I0:t,'PIMF9'-1PM.?.'G/CM**2',5x.oDSpIN=IrP.?'Ho')

P010 FOrPAAT(I .(X.l'DrFP=Ie'.z.2.'rG/CM**2'1.SXo'PSFX=',FS.?,HDI)
P070 Ft)QOAT(IH./iX'lr=..,G/*2'X.HPF.'P,

I SX'AISFC='fFR*?. IG/TP.rlR')
.030 FOPMAT(lrH ./.ix9' AMFP=94F6.0,IG/Cm**?'.)Y.'AHP=IFA.P'4P$*

1 X.' RSFC='.FP.?,9G/owo."R')
Q055 FnPMAT(1H .//,l0XIHFAT 4FJJECTTON= CAL/MTN)
40%l FOoMAT(IH . 9X.ISHTOTAL 1. RFJ = ,FI0.4*/,

1 10,lSHCYL. LINER =.Fj).4,/,
? 0wq1c;HPjSToNi TOO =,17jn.4,/,

3 IfX.lSHD!STfl)' cU; =,Fjn9.4,/.
4 10x.iSHCYL. HEAD

5 l0x.1SHTNT. VALVE =,FI.4,/,
A r)V.jLHF)4. %JAILVE =9Pj0.4,//,
7 7xq-IHRA1 ?-J./-LIFL =.,10.3)

P070 FOPMATCIH .//910w%90t?< CYL DPSS=. ,F10.1,. ATF.1,ODEG. CA')
009fl FOOMAT(l' ./10x,'FXH1,ST IEPFPATRF=IFR.l1,KrFG)
Anq? FPP'AT(//.**PoFICTi o )F THF FPICTION LOss***,/.

1 5X.16HAIS. AND PIJMDC= ,7/
1 'X.16HCAM (WAD = F12.3.7H/.*s2,/,
1 Cx.A" LAZT'/ = , F12.37HG/ 2 /
1 EX.1'94tL.AY = * 1..HG2*2/
1 SX.i6rJVISrflJS 'TSTOJ = F12.3,7Ht/M*t2,/.

1 SY.1*H9i%,; TFAISIONP = .
I ,1'i@INs 'A, ;PFSS 9=

~------------------------------------------ ------ 4,4

I 5Xq li1T~IAL LOSS = , ' .. HSC*2
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SUJPOUTYNE OCAL.

C
C CALCULATION Or HEAT LFLEASF FOR FACH ELEMENT

COMMOI/FPROP/ TFrHF(100).EF'JEI (On))EnNGL(100),FMWT(100),t
I OHFUEL (lnl)PHL')S(10n),)IEMAS (lfln).)OEMAS(l0n).
1 FPGAS(100),ECO(100),FENTH(3,1n0),FMASS(Ril0n),FEOII(A.l0n),
1 FVOL(8,100).FTF4P(A.10n),PCYL(A)
COMMON /STATE/ 4GLFl. ANLE.JCOND.,A SrE,NSTFP,!E
COMMON /STaT1/ POM ,JLASTflJEToHIo.Fe3
COMMON /FurLP/ FJELFWCAL.,Zto74, PSTi, SAFCV ACAt.
COMMON /JETS/ JPT (g) HJET(96) A JrT (S) eJFT (5n)oTHEP(50)

I \PJET(S)V7JFT(5f) ,wJFrT(50) ,VJFT(50),AINJ(Sn),PRHJET(;n).
2 DITCHCS0)
CnMMON /PLteME/ PMASC (S0)tMA(SS (S0) ,PDLUM(5),HRMASS(S0)
COMMON /JFTOAT/ 4SWTPOAJ-PHARTAPH3AS
COMMON/C0MV/ PPLUM0,EMTUTRRLFSPASaA4KTSCALE
OFL=ZN/ZM
yF(IE.EQ.1) GO TI 300
nf Ion1 =2.IE
A IE=AJET (I) *180. /3..1416

C HFAT PELE ASE =0 UNLESS SOECIFIED LATER
DHFUEL (I) =n.

C
C CHECW WHETHER THE FIEL ELEMENT REACHES THE SPAPK PLUG OR NOT.

YF(AJF.LT.ASPAPK) 60 TO 100
IF(PMASS(I).GT.l.E-7) GO TO 400

C
C SET THE INITIAL PLUME MASS AND G1PNEO MASS

PPLUM(I)=RDLUMn
PA4SS (I) =R4JET (I) *4. /3.*3. 1416*RPLUMn**3

C SCALF FACTOR
PMASS (I) =PTTCH (I) /?.*PIA5SS (I)
qAA5 CI)=P'.ASS (I) >/3
IECHE(I)=2

400 1) 410 TP=1,10
C
C TIIQRLENT ENT*AINUF\JT PATE

U2=FNTIJP*V JET ( T )
ODMASS= QR T (PkJFT ( T ) *4JE T ( ) *4. *J. 141 6*PLI)4 T)**?*t?
DP'AASS=DPM SS*ASTFDO/,(.;*Pm) /n.

r

C SCALr FACTOR
DPMASS=DPMASS*PITCH(T)/?.

C EFFECT OF FLAME CO 4TNG RAC<
IF(TECHF(2)..NF.3) GO TO 42
OPMA SS=fPM AS S*3.

41P? CONT INUE
PIIASS (I) =PMASS (T) +0PMASc
TF(PMASS(I).LT.FMAC(P)) Sn TO 420
PMASS(I)=EYASS(?.)

TECHE CI) =3
4?n TCHA=TSCALr/RLFSD

DRMASS=(PMASS(T)-FMASC(T))/TCHA*ASTFl/(6.*RPM)/10o

9MASS (C) =8%AlSS (J) +0lAfSt
C NFXT EOUATION TNCLUnES THg SCALE FACTOP AROUT CALCULATIOND PTTTCH

PDLIJ'()PMA ss (p)n. /lTCHC(T) /(PNJF TC )*4.*3. 141A) )**n. 3, 3
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410 CONTINUE
CALL 0I000P (PCYI.(1), FTFMC4(ltI) ,FFOII(deI),PrFLQ*PSTon.,ENT A I,

I ')JMoMOiM,( 114JM.M. OUlU4,OmiPm)
COIL HPPOD(PCYt(l).EFTCM (l, I).FF01 (I(29t)9oDELPST F*NT1As,

1 rkJM,RJDIM, 01j1,gJ n,QIJM DreuNIOIJDM, 0)

C INCLDJOING Tr dFOPMATION F NT iAL'Y
xx=(ENTAI4-FNTGAS)* l00./FKCAL/FEOItu(2,v* (SAFC+.FIJI('2))
yr(XX-1.) 430o440440

44n1 Xv=1.
430 nH'AASO=HRMASS(T)

HPMAASS ( I) =FUFL ( T) *WMA ss ( I) /FMASS(?v I) *XX
Q-FUEL (CI)= (rRNmASS ( I) -b-'AASO) *FWCAL/AS TFP
TR"ASS=TRMASC+HMASS (I)

Tr)R4AS=TDRnAS.DSMA+ S
100 CONTINUE
300 HFiEL(1)=o.

RFTUm
ED
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SIJRPOUTINF INP1T
COMPION/EPR'1P/ IECHF(100).EFJEL(l00),EANGL(100),EMWT(100),
I DHFUEL(100).rHLOS(jflA),IE4As(Ifl),)3OMAS(10f),
1 EPGAS(1001,ECP(100).FENTH(3,1f),FAASS(8.100)EEOUIfA,100),
I EVOL(A,100),FTE4P(RPl0f)ePCY[(P)
COMMON /STATl/ PPM.JLAST.NJETDHIO.vSR
COMMON /TAIlG/ AINTO.AFXT0,AINTC,AFXTC.AFUELSAFUELE
COMMON /GFfMT/ STRO<EW90ECONLVCLFARVCUP.RCUPCYLN
COMMON /HETOS/ NDIVir.T ETAL(lf),0HTRC(10).ARE(10)
COMMON /STATF/ AN\GLFI.ANLE,JCOND,ASTEPNSTEPTF
COMMON /FUrLP/ FUEL.FWCAL.ZM,7NPST ,SAFCVACAL
COMMON /JETS/ PJET(S0).HJET(5O).AJET(50).BJET(50),THEP(S0),
1 VRJET(q0).V7JET(50).wJUT(50),vJET(50),AINJ(50),RHJET(90).
2 PITCH(S0)
COMMON /PLm4E/ PMAS(SO),BMASS(0),PLUM(50)HRMASS(50)
COMMON /JETfAT/ WSWTR0,A6PHA.RETA.RH3AS
COMMON /SUOGAS/ FSWIR.4S41R,SDFCAY
COMMON/COMc/ RPLUMO.rNTIIRRLFSDASPARK.TSCALE
COMMON /OSfPE/ LOTINP.LINEC0,LINEST.ITELLiITEL
PEAL*4 MBAP
COMMON /FUrL/ AF(6).eFWCXqHynZ.0LO4EP
COMMON/OXDANT/XT/CMPSTN/X(7).MPAR
COMMON/CONTL/ ASTIN.ASTC-- ASTCRASTFXASTOVPRININPRINCLPRTNEX,
I PRINOV
COMMON/INFIO/ NINEF,Xt\F(20),YINFF(20),AREINPPINTTINTAINT,
I EOUINTARrINT.XINV
COMMON/FXFLO/NFXEFXEEF (20) ,YEXEF(20),AREEXD,PEXTTEXTGFXT,
I IGLEFT.TLFFTOEXT,0FLOWELEFTAREEXTXEXV
COMMON /AMQTE/ TAMRDAMR
COMMON /HETR1/ PAAETBASEV AqE.C0HT1.COHT?*COHT9uHR(10)
COMMON /FRTDT/ RSKTRTFrE,RINGNFME'(10)
DIMENSION YINLI(?0) ,XCOYC(20).YCOFI(20),YEXLT('0),XCOFE(?O),
I YCOEE(20)
TNP=5
IPT=6
RFSFRK=.
DEL=ZN/ZM
WRITE(LPT,3000)

3000 UFOPAT(jHj.?Xql**CYCLF qUMULATION FOR DIRECT INJECTION ENGINE**
IvFRSION 1***#)
PEAD(INP,3010)
WRITE(LPT,3010)

3010 FOPMAT(ROH

WRITE(LPT,3020)
3020 FORMAT(1H .//,1H ,33X.ITABLE OF INPUT OATA AND INITIAL ENINE COND

IITIONS9,/,CX,120(1H*))
C
C PFAD AND WRITE THF DATA OF ENGINE GEOmFTO0Y
C
C STROKF=STPOKF(CM)
C CONL=CONNECTING POD(CM)
C VCLFAR=CLEARrNCF VOL1JME( FKCLJDING CUP VOLIJMECM**3)
C VCIJP=CUP VOLiMEc( CU**3)
C QCIP= CUP PAITUS (fM)
C CYLN= NJMRER OF CYLINDEP

PEAf(INP,?3) STR3KEAORF9CONLVCLEAP.VCJPeCUoCYLN
C
C PrAO AND WqITr THE ATA OF VALVE AND FUEL INJECTION TIMING
r,
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C ATNTO=INTAKE VALVE STARTS TO D3EN(CPAW< EGRrF, AROUND -10)
C AEXTO=EXHAUCT VALVE STARTS TO OPFN (A9OUND 5?0)
C AINTC=INTAKE VALVF STARTS TO CLOSF(AQOJNO 200)
C AEXTC=EXHAUST VALVE STARTS TO CLOSE(APOUND 10)
C AFUELS=FUFL INJECTTON STARTS (AROUND 330)
C AFUELE= FUEL INJECTION FNDS (AROUIND 355)

PEAD(INP,21) ATNTO,AFYTO.AINTC.AEXTC.AFUELSAFUELE
C
C RFAD AND WRITE FUEL PRODFRT!ES
C
C 7M= CHEMICAL FORMi9A. NIIMREP OF H
C 7N= CHEMICAL. FORM(IRA, Njm3ER OF C
C SAFC= CHEMICALLY CORPFCT AIR-FUFL RATIO
C FKCAL= LOWER HEATING VALUF OF THE FUEL
C VACAL=LATFNT HEAT VALUE (CAL/G)

PFAD(INP,?3) ZM,7NSAFC.FKCALVACAL
CX=ZN
HY=ZM
QLOWER=FKCAL/Ifof.
AF(i) =-0.553
AF (2) =182.
AF (3) =-97.RA
AF (4) =20.4
AF(5) =-0.0309
AF (6)=-60.;
X=3.76
ENW=0.
07=0.

C
C READ AND WPITF THF DATA OF THE ENGINE O'ERATING CONDITION
C
C FUEL=TOTAL FuEL AMOUNT/ I SHOT (GRAM)
C PPM=ENGINE SOEEO (RPM)
C EGP=EXHALJST GAS RECIPCLII ATION

REAO(INP,'3) Fi1EL,RPMoEGR
C
C HOW MANY PEGIINS WILL YOU TAKE FO HEAT TRANSFER AREA?(NO!VIO=6)

NDIVID=6
C
C El EMENT 1 IS FOR TOTAL

NDIVID=NDIVTD+1
C
C RFAD AND WRIT THE 7ATA OF THE TFMPEATJRE INSIDE ENGINE
C
C TR= TEMPERATURE OF PTSTON TOP'
C TINT= TEMPEDATJPE OF INTA<E VALVE
C TFXV= TEMPERATURF OF FYNAIIST VALVF
C TW= TE4PERATuRE OF CYLIDER WALL
C TCYLH= TFMPEATUPE OFCVLJTNOER HEAD

PFAD(IP,?3) TP9Ty4V.TEKVqT'4TCYLH
TMFTAL (?)=TW ,
TMFTAL(3)=TP
TMFTAL (4)
TMETAL (';) =,TCYLH
TMETAL(6)/TINV
TMETAL(7/=TEXV

C CALCULATIONS 70 THF OISTA'iZES FROM THE CENTER POINT
C THErE DATA WTLL RE UCFD TO CALCULATE Tti VELICITIFS AT THE WALL

PL. (2) =ROPz/?.
PHP (3) = (Ho:F/?.+ PCUP) /?.
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P4R (4) =PCU'
PHR(5)=RORr/(?.*l.414)
PHP(6)=ROR:/4.
PHR(7)=RORr/4.

C
C HFAT TRASFER COEFFICIENTS

C COHTJ,COHT2= HEAT TRAN4FEP COECFICIFNT
C COHTI=2.28
C COHT2=0.0032
C COHT=AD JUSTING TOTAL E AT TRANSFEP AMOUNTH(AYRF 1)

READ(INP23) COHTl.COHT?.CO4T

C READ AND WRITE THF DATA OF INITIAL JFT CONDITIONS
C
C ATNJV=JET DIPECTION ANGI F RO4 VFRTICA-. LINE (DEGREE)
C AINJT=JET DIOETTON ANGLF F40M TANGENTITL LINE (DEGREE)
C DINIT= JET RADIAL LOCATION WHEN FUEL IS INJECTED (CM)
C PTNIT= JET ITTIAL RADlIUS (CM)

PFAD(INP.23) ATN JV.ATMJT9PINIT.RINTT
AINJV= ATNJV*3.1416/lQO.
AINJT= AINJT*3.1416/ln.

C
C PFAD AND WRITF DATA OF AIR ENTRAINMENT 'ARAMETER
C
C WSPATO= SWIRL RATIO AT ROC (*RPM)
C ALPHA= ENTRAINMENT PAPAMETE COP PAPAPELL VELOCITY DIFFERENCE
C (0.11 I PECOM4ENDED)
C RETA= ENTRAINMENT PARAMFTPR FOR NORMAl.. VELOCITY DIFFERENCE
C (RETA=.6 IS RECOMMENDED)
C PHFUEL= DENCTTY OF FB JFL (rG AM/CM**3)
C PHGA S= DENCITY OF SUOQOIJNINMG GAS (G?AA/CM**3)
C SDECAY = SWTPL DFCAYING FACTOR (S.SE-6 IS RECOMMENDED FOR
C TCCS NGINE)

PEAD(INP,21) WSRATO.Al PHABETA.PHFUEsMHGASoSDECAY
WSWR0=3.1416/10.*IDO*M*4. *WSPATA

C
C READ DATA OF COMBUSTION PAPAMETEP

w C
C PPL1JMO= INTIaL PLUME RADIiJS(CM)
C ENTUP= TUPEJULENCE FNTQATNJMENT PAPAMETER
C RLFSP= LAMINAR FLAME SPFED(CM/SFC)
C ASPARK=SPARK PLUG LOCATION FP)m FUEL I4JECTIDN N077LE(DEG)

READ(INP923) RPLLMmOFPTIJRLFSDASPARK
C
C
C DATA OF INTAKE AND EXHAUST SYSTEM
C fNV= DIAMETEr OF INTAMF VALVE
C cINV=MAXIMUtA LIFT fF TNTAKE VALVF
C XINV=NUMBER OF INTAKF VALVE
CR flFXV= DIA'4ETER OF EXHAUcT VALVE
C SEXV= MAXMUM LIFT OF FXHAIST VALVE
C XEXV=PIUMAFR OB FXHAUST VALVF

REAP(INP,?1) DINV.SINVfEXVSEXVXTNVXEXV
ADETNO=3. 1416*O!NV*S INV*X INV
ADFFXD=3. 1416*OEXV*SFXV*XEXV
APE (3) =3.1416/4. * (ROPF*P)E-RCIJP*PC1P4.)
APE (4) =VCUD*?. /RCUP
APE(6)=3.1416/4.*nTNV*OT'V
APE(7)=3.1416/4.*0FXV*lFKV



103

ARE(5)=3.1416/4.*AORpF*RORE-ARF(6)-ARE (7)
C
C
C DATA OF FRTCTTONS
C RSKIRT= EQUIVALENT LENGTH 3F DISTON SKIRT( PROJECTED ARE OF SKIRT
C / CYLTNDEP SORE OTAAETEQ)
C FCOE= JOURNAL REAPTNG STZE COErFICIENT
C DINGN= TOTAL NUMRER OF PISTON RINGS PER CYLINDER

PFAD(INPt2) PSKIRTFrOFRIGN
C RFAD DATA OF 'ALVF LIFT VS. NORMALIZED CRANK ANGLE FOR INTAKF VALVF

REAO(INP,31) NI'JEF
READ(INP.301) NINCO
READ(INP921) (YIMEF(I).T=1,4TNEF)
READ(INP,23) (YTNLI(I).I=1,NTNFF)
READ(INDfl) (vC0ET(!).I=lNJNCO)
READ(INP*23) (YCOEI(I),I=1,NINCO)
DO 1000 I=1,JINEF
VLIFR=SINV*YINLI (I)/OTNJV
CALL TWODIU(NINCDXCOrT.YCOEI,VLIFROcEF)
YINEF(I)=YTNLI(I)*COEF

1000 CONTINUE
C RFAD DATA OF VALVE LIFT VS. NORMALIZED CRANK ANGLE FOR EXHAUST VALVE

READ(TNP,3fl) NEXEF
READ(INP,3nl) NEXCO
REAO(INP,23) (XEXEF(T) ,T=lFXFF)
READ(INP,23) (YEXLT(T),T=1,NEXrF)
READ(INP.23) (vC0EF(T).,=1,\EXCO)
READ(INP,23) (YCOEE(T)T19EXCO)
DO 1010 I=1.NExEc
VLIFR=SEXV*YEXI.1(1)/ DFXV
CALL TWODIm(NEXC0XCOFEYCOEEVLIFOZOEF)
YEXFF(I)=YrXLI(I)*COEF

1010 CONTINUE
C
C Hnw MANY ELEMENTS 09 YOU WaVT TO DIVIDE THE INJFCTFD FUEL INTO ?
C 10 ELEMENTS ARE PECOMMENDF)

READ(INP.301) "JET
C
C AMRIENT CONDITION
C TAM3= AMBIENT TFMPERATUPE
C PAMR= AMRIENT PRESSURE

READ(INP9?2) TAMR.PAMR
C
C IrTAKE AND EXHAUST DRFSSUjRF
C PINT=INTAKE 'RESSU E (ATA)
C PEXT=EXHAUST PRESSURE (ATA)

PEAD(INP,?1) PTNTPFYT,TINT
C
C COMPUTING INC2EmNT

READ(INP923) ASTTNASTCL9ASTCRASTEX*ASTOV
C
C PTNT CONTROL DATA

DEAD(INP.2) PRIINPRTNJZL*,PRINEX.PRINlV
C
C INITIAL ENGINF CONDITION

PEAD(INP921) PCYL(?),FTF'P(2,1).EFQUI(?,1),TEXT
ELEFT=REQUT(?.1)
TLFFT=EIEMO(2.1)

C
C CO"PRESSTON PATIO
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OISP=3.j4jf*qoRE*ROPr/4.*STRlKF
CQ=I(VCLEAR+VCUP*+DI SP) /(V UP+VCLEAR)

C
C TAYLOR MICRO SCAL E

TSCALE=SINV/CP*0.17
VINIT= FU7L/RHFEL/(/4.1416*BINIT**2*(AFUiELE-AFiELS))*(6.*RPM)

WRITE (6.5?fA)
WRITE(6,5210) VINIT

520' FORMAT(?X ,IJI TIAL JET S FE)')
9210 FORMAT(10X.'VINIT=e.F2.1, 'CM/SFC)

C
C SET THE INITIAL CONDITIONS -OR ALL JET ELEMENTS

ASTCB= (AFUFLE-AFUELS)/FLOAT(NJFT)
ASTEP=ASTCA
NJET=NJET+)
DO 100 I=2.NNLJFT
RJFT(I)=6IIT
THFP(I) =0.
VJET(I)=VImIT
WJET(I)=VINI T*SPN(AINJV)*COS(ATNIJT)f/IIT
VRJETU()=-VINIT*SIN(ATNJ/V)*STN(AINJT)
VZJET(I)=VINIT*COS(AINJV)
RJFT (I) =RINIT
HJET (I) =0.
AJET (TI)=0.
RHJET(I)=RHFUFL
RPLIJM ( I) =RDL UMO
PMASS(I)=0.
RMASS(I) =0.
HRMASS (I) =0.
AINJ(I)=AF'IFLS+FLOAT(T-?)*ASTED

C NrYT ASSUMTIOM( FFOIJI=3. ) #AS MADE FOR GETT14G APPROPRIATE
C THERMODYNAMIC PROPERTIES

FFOul (2,I) =3.
fO=AFUELE- ((FLOAT (1)-I *) *ASTEP+AFUELS)
IF(fD.LT.0.) GO TO 90
EMASS(2,1)=3.1416*BINTT**2.*VTNIT*ASTEP/(6.*RPM)*RFUEL
EFUFL(I)=EMASS(?.I)
PITCH(I)=ASTEP
GO TO 100

90 EMASS(?,I)=3.1416*RTNTT**2.*VINIT*(ACUELE-((FLOAT(!)-?.)*ASTEP+
I AFUELS))/U6.*RPM)*RHFUF-*ASTFP
EFIEL( I) =EMASS(?, I)
PITCH (I) =ArLJELE-( (FLOAT () -2. *ASTFP+- FUELS)
GO TO 110

ion CONT INUE
110 CONTINUE

C
C CALCULATION Or INTA<E Alp PqOPERTIES

FOUINT=FGR*ELEFT*SAFC/((1.-EGP)*(ELETT+SAFC)+FGP*SAFC)
WRITE (LPT,7020)
WRITE(LPT,7010) STPOFq,AINT3,7M,TP,
I CONL , AFXTOZJqTW.
2 ROPFAIvTCSAFC.TCYLI,
I VCLFAP,AEXTC.FKCAL,TI4V
WRITE (LPT,70h1) VCIJ. AFilLSVACAL.TEKV,
S AFIIFLF., PFUEL
WRITE(LPT,7020)
ATNVV=ATN/JV*10. /3.1416
AINT T=A TNJT*1A./3.1416
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WRTTE(LPT,7030)

3
4

WSPATA.PDLUM0.
AINVV.NTUR,
AINTT.AL DHAARLFSP.
qINT.9FTA9ASPARK,
QIN! T .RH3AS

WRITE(LPT97031) RCIPDFCAYTSCALE
WRITE(LPT,7020)
WRITE(LPT.7040) RPM.PTNTASTOV.PRIOV9
I FUEL , TINT.ASTINPRNIN.
2 EGR.E0UINT.ASTCL.PRTNf%-
WR!TE(LPT,7041) &STCR,PPINCL,
I PAMB,PEXTASTCLPQTNCL9
2 TAMRTEXTASTEX.PPIMEX,
3 ELEFT
WRITE(LPT,7020)
WRITE(LPT,7050) DINV.ARF(6) ,PCYL(2)9
1 SINVARV(7) ,C0HTFTEAP(2,1),
2 XINV,ARC(3) ,C0HT1,r3UI(2.1)
WRITE(LPT,7051) AREC4) ,COHT2,TEXT,
4 DEXVfRF(5)
S SEXV,
6 XEXV
WRITE(LPT.7020)
WRTTE(LPT,7060) RSKIPT,
I FCOE,
P RINGN
WRITE(LPT,7020)
WRITE(LPT97100)
WRI TE (LPT,71 10)
WRITE(LPT07000) (XTNEF(I) ,lI,NNEF)
WRITE(LPT,7120)
WRITE(LPT,7000) (YINFF(I),=1,NTNF)
WRITE(LPT,7140)
WRITE(LPT,7110)
WRITE (LPT,7000) (XFXEF(T) ,I=1, IEXEF)
WRITE(LPT,7120)
WRITE(LPT,7000) (YCXFF(T),1=1,NEXEF)
RE TURN

I FORMAT(RFIn.0)
n FORMAT(SE1?,4)
n FORMAT(6E1.4)
I FORMAT(4E12.4)
q FOPmAT(2El?.4)
I FORMAT(12)
n FOPMAT(OEI?.4)
I FOPM AT(12)
n FOR4AT (1 OXI1 OF L..3)
n FORMAT(32H ENGINF GEOMETRY

I 32H T IMI N
2 36H Fl'EL PRODFRTTES
3 30H FSTIMATF TEMPEPATURFS
4 2X,12HSTRIKE =,F1O.3,99cM *9
5 17H INT.VAL.OPFN =.FQ.1,6HfRG *9
6 JQH 7M(NI. O r) =,rlo.1,7H
7 18H PISTON TOP(TP) =, 10*1*IHK,/,
A 2X,12HCON.ROD =.Ffl.?,8Cms *
9 17H EXHi.9AL.lPEN = F;.1,6HfEG *9
I 19H 7N(NO. OF C) =. F10.1,7H
? lAH CYL.WALL (TW) =. 710.,IH<, ,
3 2X,12HROR =.rio.3.8HCM *9

60?
6031
6O4~
605'
606.
607(
30:

700'
701( *9

*9

,/9

*9
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4 17H INT.VAL.CLISF = 9.jp6HDFG *,
9 19H SAFC(STOTCH.6/F)=9 FI0.eI7H *9
6 18H CYL.NEA0(TCYLN)=, 710.lIHK,/,
7 2X,12HCLEAR.VOL. =. F1fl.2,HCm**3 *9

8 17H EXH.VAL.rLfSF =, F9.1,6HEG *9
9 19H LOWEO HEATING =. F10.0.7H CA../G*
9 11AH INT.JALVF(TINV)=, 10.1,1HK)

7011 FORMAT(2X,
2 12HCUP VOL. =9 FlO.2093CM**3 *9

3 17H FUEL INJ.STAPT=,F9.1.S6HDEG *9
4 19H VAPO171NCG HFAT =. F10.0,7 CA../G*,
5 18H EXH.VALVE(TEXV)=,Fl. 11HK,/,
6 32X,
7 17H FUEL INJ.END =. F9.l6HDFG *9

a 19H OENSIYY =, F9.3,7HG/Co**3 ,IH*)
7020 FORMAT(2X,128H------------- ------------------------------------

I------------------------------------------------------

7030 FORMAT(42H INITIAL JrT DATA
1 44H JET MTXING PAPAMFTER *,
2 43H PLOIME 'OfolL .1,
3 2X92OHJET DIQECTTON** ,IQX,1H*,
4 27H SWIRL RATIO AT PDC =,F1o.3.7*P4 *9
5 23H INITIAL PLUMF QAoy JS =F10.4,7-1 CM */,t
6 2X,20H AN4LE(VERTICAL) =,Fl.?,101 oEG *,
7 27H AIR FNTRAI". DAPAMETER , 16X*IH*,
A 23H ENTRAIN. PARAMFTFR = FI0.3,Q9,IH*,/,
9 2X920H AGLF(TANGENTIAL)= .Fl0.2,10H DEG *,
I 27H ALDHA =. F1A.3.6X,1H*.
I 23H LAM. FLAME SPEED =, FI0.210H CM/SEC *,/,
2 22H JET RADTIJS =,FI0.S,10H CM *9

3 27H BETA =9 F10.3,6XJH*,
4 23H SPARK PLIIG LOCATION =, F1O.?.10H DES
5 22H JET LOCATION() =. F10.3.10 CM,
6 27H DENSITY OF SURPOUD. GAS =,Fln.5,7H S/CC *,
7 8X,191("?OM TN). N07?L)

7031 FORMAT (
A 22H PISTON CU0 PADIUS =, o10.3,10 CM
9 27H SWIP DECAY FACTOP =, E1O.3,6X,11*,
1 23H TAYLfR MTCRO SCALF =9 F10.4,10H CM

7040 FOPMAT(2Xq1H ENGINE CONDITION *9
I 31H INTAKC CONDITIONS *,

2 31H POPITING INTERVALS *9
3 31H PRINT CONTRO'. 9/9

4 2X,15HFNGTNE SPrEn =, F8.-AH
S15H PRESSURE =9 FA.3,814 ATA
6 15H VALVE OVEPLAP=, FA.2 8H DE
6 15H VALVE OVEPLAP=, F8.2,8X,/
A 2X.1SHFUEL AMOtJJT =, *8., AH
9 154 TEMPFATURF =, F81218 K
9 15H INTAKr =. FB.2.8H DEG
I 15H INTAKr =. FR.?8x,/,
P?2X,1E5HFGP =. 8.3.7w
3 15H EQUI. PATIO =,FP.39 7X,1H*,
4 15H COMPR"SSION =, rq,s38H PFG
5 15H COMPRFSSION =. FR.)

7A41 FORMAT(2X,
6 31H AMBTFNT CONDITIONS
7 31H FXHA'IST CONDITTONS (ASSU1F)
A 15H COMBUCTION =. F8.28' DFG

ROM
*9

G *9

G/S-iO

H*,**9

)

T*9

*9

*,
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9 15H COM3USTION
9 ?Xl5HPRECSUPF
Q 15H PRESSUPE
? 1%H EXPANSION
3 158 EXPANSION
42X,ISHTEMPFRATJPE
5 15H TEMPEQATJOE
6 15H EXHAUCT
7 1 H EXHAUST
4 32XelH*,
5 15H EQUI. PATIO

7050 FORMAT(2X,1H

=, r8.298X,/.
= rf8*2984 ATA *9

FA.2.8- ATA *9
=,A?.28H DEG *9

=. FB.2.RH K
=. F82.8I K .
=q FR.2,8d1 fEG *9

=, F8.298X/.

=.FA.397X,1H*)
INTAKE VALVE

I 318 HEAT TRANS. AREA
2 31H HEAT TRANS. COEFF *9

3 31H INITIAL CONnITION , /
4 2X,1SHDIAvETFP = 79*3,7H CM *

5 15H INTAKF VALVE = .F9,397r Cu**?O.
6 31H (WOSCHJI'S EQ.) * 0
7 ISH CYL. DRESS. =.FQ.p?97 ATA 9/p

8 2X,15HLIFT =,r9.3,7H CM *,

9 15H EXHAUCT VALVE= .F9.3.7 4C**?*.
9 15H COHT =,Fq.q,6XlH*,
1 15H CYL. TEMP. =FQ.i,7H DEG 9/9

2 2Xl5HNUM0FR' =,F9.1e6X.1H*,
3 15H PISTOM TOP =,FQ.397H CM**2*.
4 15H COHTl =FQ.5,6X.lH*,
5 15H CYL. rOUI. = 9F9.3)

7051 FORMAT(2XI1H FXHAUST VALVE
1 15H PISTO TOP = *F9.3.7q Cm**2*,
2 15H COHT2 =,Fq.596XlH*9
3 19H EXHAUCT TFMD.=,F9.e7H DEG *,/e

4 2X,15HDIAVETEO = r 9 . 3 9 7H Cm *
S 15H CYL. HEAD =,F9.397H CM**?*./9
6 2X,15HLIFT =,F9.3,7H CM 9

7 15H CYL. 4ALL =,7W,9VARIARLE* 9/9

R ?Xl5HNUMRER =,Fl.1,6XH*)
7060 FOPMAT(?X*31 FRITCTION LOSS

*9

9

9

9

* 9/9

1 2X,15HPISTON SKIRT = . F9.3.7H CM *0/o

? ?X*l5HJOU. BEAR. COE= , F9.3.6X,1H*,/,
3 2X 9 l5HNO. OF PINGS = r9.lo6XqlH*)

7100 FORMAT(lH1//,?X,
I 'INTAKF VALVF--EFFECTIVE FLOW AREA VS. CRANK ANGLE')

7''1 FORMAT(5XINOPMAL!7ED CPANK ANKLF')
)120 FOPMAT(SX.9NOPMALI7F0 EFFECTIVE FLOW AREA')

7140 FOPMAT(//,?X#
1 'EXHAUST VALVE--EFFECTIVE FLOW AREA VS. CRANK ANGLE')

END

oo-
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S!%'IPJIITTi IFUN((FNTINJT)

TT1 ;DP0646J .#AS 4AF rflo MORATTN3 QIJN5E-KUTTA MFTHOS)

r.rPmjiur/r1Fp')D/ TFCHF (100) ,EFJFJ,.(lA0),-ANGLC(Io) ,FMWT(100) ,
1 nmFUFIl. (In) ,nHL'S(Ino),.OlIEMASC (1On) .2JUMAS(0),

1 PJC (1f0)EC0 (1qo) ,rr5,fr( I, 1on,ruAass(A,loo) ,EELJcI ( on) .
I rVnL (4.1lrnrTEAPC(P.IOn) cYt (A)
C /"i /f T14y5/ ATNTrA TeA NTC, AorXT,AFIJEL SAFUELE
CO""kQ /STATE/ 4AJl.Fr1 , A3LE, JCNDA STLENSTEP,TF
CflMMJtN /ST AT I / PDMJLAST.,NJET,i410,F3t4
CO'IMUN /GF.IMT/ STROKEBVPnECONL, VCLF NVCUDQCUPCYLN

C061H N /HE T S/ NSrIVj')v,A T ETAL (In) .OlT 4 (jo) ,APE( 10)
COmMON /HEThI/ PASE.T1ASE1V AECoHTlCOHT?,COHT.NHR(10)
COMMON /5'J"1/ CTsTNT,fTrErXTTFXT
C'V'"(J /SU'i?/ TTtiT.TTrfirTTTOFXTTTUHTRC1o),T0qTPC1A),PC
COMMUN /FIJrL3/ F FLJ7lCA -Z%,7Nr-S T ,3ArC, V ACAL
F AAL*4 NliA?

CJlM-1 /FtWL / AF (6),F NW,'X,Y07.oLonER
Co"MUP:/OAOANT/XT/C'4PSTN/X ( 7) ,?4RAR
C07MION /JETS/ JET (9(l)HJE T (5)9AJFT ('>l) 9BJFT(50),THVEP(50) ,

I VOJELT(50))VJFeT(90).WJFT(5Q).IJET(0)WAINJ(50),RHJFT(50).
?DI TCH (c.M
CIAMON /--L ME/ PMA SS (1A) .dMA SS (90) ,PILUM(50) ,fNMA SS (50)
COMMUN /JET2AT/ / VSWInA..ydARtTA.oH3slS
CO'AMUN /SJGaS/ CSWTps4cAiRSnFCAY
Cnl'iMN/CjPfl'/ oPLJMO,FNITIjRLFSP,4ASPA4K.oTSCALE
COMMON/TNFLO/ IIEF, XT Nrr (20) ,YINFR ( ,2)AREINO, PINT, TTNTr ,InT,
1 FQJINT , ArC[T,X TNV
CrMON/IFAFLO/NFXy.XEXEF(2O) 0 YFXEF (20),AREEXoPEX T ,TEXT,GrXT,
I LFTTLrFT,EYFTOFiOw,ELErT:A4FFXTXEXV

CoUN /NO N/ C')NNf(1fl) 9PMNO(100)N0 (10AIn),SIfm(I10f) ,PPMFXT
I' MFIQ0N rJMHT(30)
n 71. =I/N /'/,-

ST '3IriI = 0.

I T0
STPT=.
:): T=ji.

E= I E +i
' 31 1=1.TFF

I- -- ?4 = n ao-1

T T fTr<(=I);I=.

; TJ fP.?2.??,2').Jc30
r -11 v (A n-; ( I. s , n .i00 -. P ,A "GL FI q0Um,0 JM*W Wl'P9,J4,Fc;W TR)

?)41 r.,)gTL) 1

FSA1HdF S410-P7C A YwSwIPw SIp*A Fp/ (.*rDM)

-' - ,1.
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r rt'L. C !L A TIh 1 r OJF T AOORL R :)IP TO OFT THE ENTPATN IENT AP
f 'fr "MS Ci) =0.O

r -f;(6 WIF.THt NEW FIFL FLEmENT IS INJECTEDOR NOT
I IJE f=N T 1-

IF (CI.-';JF T) 1 010. 1020,1020
1 10 nxX=AFIJEL 10.

Ir(wA:GL E.GT.AXx) GO TO 40

rTEPI (2.1E=ET4 1(?.1

CALL UPaJO(PCYI (?),ETFM(2,E),FEOJTUIE),OEL,PSI,
1 ;F.S&Pcr',EFMTH(?,TE).cSUe,CSUJRT,HO,)H0DTDrPHOfOl.CHI,
? FRRAS ( IF),* CV0G)
FRNT r ?.1E) =EFMT d (?,TF)* 1000.

E v.4T ( IE) = tA R
FC0(IE)=EP-AS(IXE)/41.443+CV3r
E VOL Cd, iF) =F iA S (2, JF) *FQG6A S( 7F) *F TF W (2, IF) /PCYL (?!

1020 COIT INUF
)o 3e 1=2.T

rFOII0=FEOJI ( ?qI
EMASSO=EMA S (2.1I)
IF (EMA SS (?.1).LT .0.040) 30 TO 35
F(EMASSC2.)l)T.DOFMAS(I)) GO TO 37

1 L L AIP HAS 3EJN ENTPAINFO 3f JET
3i ALPHA=J.

ETAO=.
37 CO)T INUF

IF(9JFT(I).LT.0.?) GO TO 220
IF(PJET(l).LT.l.0) GO TO 222
jC TF-1=4
50 TO 230

?22 JSTRP=R

GI TO 230
??0 JSTRP=53

o CALL JET(JFT(T),HJFT(1).AJET(T) ,FJFT(1)I.T-WP(1)I,VRJFT( 1)
1 ,7JCT (I)o,iJE T (I),TfM,E4AS(?,),-oASTEP.JSTEPPPMANGLF.PITCH(),
I rsqjP.LJSWy?)

VJET ( I) =SQ4T (VPJT T) **P+VZJFT (1 T;,*?+ CPJWT (I) *WJET (I) ) **?)
VOL= (1*41* T ( I1)**?*(I .- T4F(i)/0P*3.416) )3JE T ( T)**?
1 *S14(THER ( ) )/2.)4JrT(1)*PTTrH(T)/(h.*RP)

J = r (I) =F'AASC (2 .I)/VOL
FIAIC(?.)?I=FFI JL(I)*(sAFC+EEItI(?,1))/(EMAcSC (P.T)-EFUFL(I))
1 +F-JII1(d,1)

rO (3. 1)=:(EFoUIT(?- T) -FEQUIO)/A STEP
f)TtMAS CI) =TM,/ASTEP
CO I ,'%( ) =T ' k
D);:MAS I ) =f.

nF'.A S (2) =VEb.AAS (1) +flEMAS C I)
FIA$T C? (. 1) ='>ltiSSfl

Er0h1 Ci.I) -:E01')
i? C7TIIUF

51 5'A(1)=-lflS(1)*AST
3

OrIvAS(l) =0.
Sr I (I 1) :0.rl T ( A C

41 Ij",C.U
DCVL (i)='-CvL C?)

*Y P0 T=1.TE
-Cuti.!) - I.sc C?. I)

rc'3'j l * I) :FrfhI C?.!)1
-\iL CI. * ) == '/91. C 2.1)
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ET&'M'(1 *I) :ETR'IP C?*!
FF'T rl(1. I) =FENTH (?,o)

1Ilr CNTIN1)F
A1.L%=ANGL--
CALL CALC~J(VCYL.FIT TNT)
CM L )t.L T A (DVCYLENTINT)
STflINT=STAT NT+4rTT/4.
;TGF (FT=STGXT+rryTe/A.
ST AF A T=StOrX T+0flYT /6.
-?) 120 T=1.Vr)1kiT

12n T"HT )=(I)=T'WTPI)+ .HTPC(I)/6.

C SF:CoNr) STFD
C

rlCTFP=NSTED+I1
PCYl(4)=PCYL (3)*ASTF0
PCYL () =PCYL (2) +PCYL (4) /2.
n0 200 =I .IE

F'AASS(4,T1)=FMASSC3,T )*A4T1 P
Ful (4,1) -:EETlilT 3.I) *ASTtP

EVOl_ (4.1)I=VOL ( 3 1) *AcTr
E1F" ) (4.1) =FTFMP (3.1) *ASTEP
FrNTH (4 1 ) =FENTH (3.1) *AS T P
FMASSC 1 I) =FMA SS C,? I) +F'A4S (4. T) /2.

F-O 1 (1 1 1) =FEQIt (2.1 ) +Fc2U (4.1) /2.
EVOL (1,I1) ==VOL (2,) +VOi (4,) /2.
ETEMP(1,[1) =FTFAP(2,T)+ETEMP(4qT)/?.
F71T%(1.1)=FENTH(2,T)+-7rNTCH(4.T)/?.
IF(IECHE(I).Efn.1) CO To lO
CALL HPQUO(DCYL ().FTF;7AO( 1,I)J eF9UI 1I)DEL ,PSIFNTHLO .

I rswHpCSU:JT ,PHO,OPH0nT9T, ) P.FWT (I1),E-GAs (I) .CV/G,FRG1I
'0 TO 212

?)1 CALL UPPOP(PCYL (l).TFMPl(,ol)7rJT(l'I) 90ELPSTPESFK.ENTHLP.
1 Cstj*, CskurT,:1f.OPOflT.>9OP. C HT.Ft( A S (1I) .CQR/G)

RrMT (1) =2$jA
I C.-)IT jINU)F

rcC(,) FGS (T) /41. 441+f:VG
SH T (1) =SI T ( I) - HL OS (I / .

eo cr,.TINUF
A'vGL E=ANGL) +4TP/?.
CALL CALCUJrWVYL.FNTNT)
CALL ELTA(OVCYvt.ENTITMT)

STGFAT=STGrXT+GRFXT /.
r-TO' XT=STOc T +r)FXT/l,
S TOE T = IT xT 0o (T +r/H3*PC

925 TQHT9 (I)=T0H10 CT) +OHTPC CJ)/3.

C THIJL) STEP
r

PCYL(5)=PCYL(3) *ASTFP
PCYL (1)=PCYL (?) +CYL (5)1/2.
M0 300 .I=IE

- A (5.1) .'C(3, I)*ACTr.P
:7 )11 I =F;E(. II j I)*aStrU .P

F L (c 1I)=rVflLC3. T) oACTra
1- (n. [) rr F i'-(3.1) *ARTIP
vurT-,( ,. 9)4r fTj (3. )A cr P

As I (1 * I)= IASC (2. I +r'AASS(CS. T) /2.

C1 l - 4fl0gT (2,1)+,rr)uI C;. I) /2.
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1 d9) it\ (* e) lfI2 (J v);

(1%9)Svva (1 ces 413=c or H .i. 3
d~iSV*Cl l~e. KP T I)-'iz

1 c9s Ibvv,*3 C i be) CVtz d CI9)drs

dJISV C1 0E ) 1 =: C 9)f do :IbV i bbCiAJ: (P9)sv'.

cj L I 2 A 1 9 f10 J.3

3/PT=l)On+ 'odJ
D+tA) +(jet )1A D=(I) 1A40
ciIJ.SV* L) JAJH,= ('-y) "Aid

cd lbHjrJ

E/()IHIU4(1)oIkH(=(I)l)Hr.J.0CC

(963*()Seta1b3dG~atluce 0n1 1, = UPu 'J

*L/IU*I XzCISL=IYAUS
6L/JIA1Ii+I 129jIS=I NA91Js

C I'041 13 liJ

'C l) St+iHU-d ) HJni= (I) lbtrIS
%A/D1L'P?' jt/ C')dn zJ:= ( I) cD3

JrlIqII J i

601Hl1 'I$$01 CL'
(tj~~d'9A3C1SV%2(I~iri3'jGC1aeC'uA-I(J%'Cod(Ief*d)hs _-

O! j'S ) H r\-1311 NCL11 *
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0''Y f/)=l'CYL (1)*A STF)
crYj (,)=:CYL(?)(PCYL(4)+?. *PCYL(9)+?.*PCYL(6)+PCYL(7))/4.

r" Cfl !=1.TE
P A.AS'.)( /,I) =c -lA .S ( IT)*A cTFP
Fc'rOil (7, ):FEOuI( 1.(7T)*ASTrP
FVI (?.I) =FVO. (3.1)I*VIEP
ErTFA ( 7.I)=FTrMP( 3.T)*A rTE.P
FFNT-I(7.1) :FENT4('>. T) *AC T P

IF)'.: ( 1) FunASS(P.7)(F%'ASS (4.1)+.O.LMASS (5,1) +2.*EMAIS(6,T1)
I +F."A5(,t))/A.

Frr'Ij ?. I) ):EOII (?, I ) + (FEQUI (4.1T ).?. EEOI (9, I) *2.*EE0IJ (6.!%)

1 +*V'J1 (/,!)) /A.

E TFt4(, 1)hF T EP(?, T) + F TFMD(4.TI)+2."k TEMP (S,I)+?.*U~TFMP ( A,I)
1 +F T E> V1.T ) )/F.
Fr'IT H (?, I) FENITH (2.!T) + (rENTI (4. T) +?.tENTH(5.1) +2.*EENITH (A.T)
1 r+F'FJt(7.T))/c.

IF(ECHF(I).E0.1 GO TO 510
CAI.L 4 -jD)(CYl. (I),FTFuP(1 ,I) ,RFUj1(1I),0LPS1 , FTLDS

1 CSfl)P. CS1PT.QHO.POPH.lT , HOP, FvWT ( I),ERGAS (I) ,CVGFElGP)
Gn TO 512

510 Cll. JPP'P(PcYLi(1).FTFMP(1,1) ,FFLII(19y),OrC *L ,PSTPE SFPKENTHLP
) "I '. ,CSIPT .PHo.0P0HOD FT . 3HonoP.CHyE MLA S CI) ,CV AG)

'YT ( M) =AAP
91? CONUTINUE

Fro (1)I=ERH5S (y) /41 .441+tCVrG
rwLOS (I) = (S%%AHT ( I ) -V.05 (1) /6.) *ASTF'

500 CflTIlrJE
T lECTF' FULL HAc SAME TrMP Arfl FNTHALPY AS AlP. THIS ASSUMTTON IS
UFCFSSAPY FIP THE ACCrlATE CALCIJLATION BECAISE THE MASS JUST AFTEP

I, 1CCfF I SOE% SMA) l TAWAT IT WILL C AIJ;L A LAPGE AMOUNT OF FPPOP. I
1F (1 41LF.ST.AFHiFLF) GO TD 530
IF(I'.EF.1) GO TI S30

E TrP"? P. 1E =F TFM2 (P.M)
FrCll " ( . LE') =FMT-1 (?. 1)

5'40 c.nT IrNJr
SI r T )rI F
kF-r)



11.3

SUBROUTINE CAICU(DVCYL ,FNT!NT)
C
C THIS SUBROUTIsiE IS TO SET TI4E DATA FOR SJ3ROUTTNF RUNGE

COMMON/EPROP/ TECHE(100).EFUEL(100),EANGL(100),EMWT(100),
I DnHFUEL(100).OHLOS(In),)IE'4AS(10n),)OFMAS(10O),
1 FPGAS(100).ECP(100),FENTH(8,100),FMASS(8,1!0),EEOUI(R1O0n),
I EVOL(8,100),ETEMP(A,100),PCYL(A)
COMMON /TIMIG/ A!NTOAEXTOATNTCAEXTCAFUELSAFUELE
COMMON /STATF/ ANGLF1,ANSLE, JCONDASTEP,NS TEP IE
COMMON /GEOMT/ STROVE,RflECONLVCLEARVCUDRCUPCYLN
COMMON /HETRS/ NrTVIflTMETAL(I0).flHT9C(lfl),APF(10)
COMMON /HETRI/ PASF,T8ASEVBASFCOHT1,COHT2,COHT.RHR(1O)
COMMON /SUU2/ TTGINTTT GEX TTTOFXT ,TTQHTR(10),TOHTR(Ifl),PSP
COMMON /STAT1/ RPMJLASTqNJET.PHIOE3R
COMMON /FUELP/ FUEL,FKCAE,Z%,7NPST,SAFCVACAL
COMMON /JETS/ RJET(S0),HJET(50),AJET(50),BJET(50),THER (50).
1 VPJET(50),VZJFT(50),WJFT(50),VJET(59).AINJ(5),RHJET(50).
2 PITCH(S0)
COMMON /PLIJME/ P4ASS (50) .BMASSO(50),P-LUM(5O) ,HRMASS(50)
COMMON /JETDAT/ WSWIPOALPHA,8FTARH3AS
COMMON/INFLO/ NIJFFXTNEF(20),YINEF(20),AREINO.PINT,TTNTA!NT,
1 FQUINTARrINJTXTNV
COMMON/EXFLO/NFXEFXEXEF(20),YFXEF(20),AREEXDPEXT. TEXT, GFXT,
I IGLEFT.TLEFT.OEXTOFL OW.ELEFT.AQEEXT.XEXV
COMMON/COMA/ RPLIJMO ,FNT1RRLFSP,ASOARKTSCALE

C
C CYLINDER VOL iME

CALL VOLCY(ANGLEvVCYL.DVCYLSTROKEBORECONLVCLEARVCUP)
C
C HEAT TRANSFER

CALL HEATR
C
C Nn HEAT RELEACF FOR ELFMFNT -1 (ATP)

DHFUELC)=n.
GO TO (100,200,300,400,600),JCOND

C
C WHEN THE INTAC. AND EXHAUST VALVE OPEN
C INTAKE PORT CALCuLATTON

100 CALL INPOR
DIEMAS(1) =SINT
IF(GINT) 7A0,710,710

C
C INTAKE FLOW IC FPOM PORT TO CYLINDER

710 EEQ0=EEOUI(1.l)
FEQN= (EMASS(1,1) *EFOUIT (1I) * (FQJINT+SAFC)+GTNT*EOUTNT*
1 (EEQUI(1,1)+SAFC))/(FMASS(1,1)*(EQUINT+SAFC)+GTNT*(EFOUI(t,))
? +SAFC))
EEOIJI (39 1) =FEO'-EEOO
QFLOW=GINT*FNTTNT
GO TO 720

C
C INTAKE FLOW IS FROM CYLINDEk TO PORT (BACK FLOW)

700 rFOI(3,1)=0.
OFLOW=GINT*ENT (ETEMP (11) EEwUn (1,1) , PCYL (t))

C
C FXHAUST PORT CALCJLATTOM

72 CALL EXPOP
OOEMAS( 1) =-GEXT
EMASS(3.1)rGINT+GFXT
QFLOW=OFLO,+GFXT*FENTH ( * )
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GO TO 2000
C
C WPFN THE INTAKE PROCESs CALCULATION
C INTAKE PORT CALCULATION

200 CALL INPOR
DIEMAS (1) =GTNT
IF(GINT) 8n098109810

C
C INTAKE FLOW Iq FROM PORT TO CYLINDER

810 EEQO=EEQUI(1,1)
EEON: (EmASS (1.1) *EEOUT (1 91) * (EOLINT+SA9 C) +GINT*EOUINT*
I (EEOUI(ll),SAFC))/(FAASS(pll)*(EOUINT+SAFC)+GINT*(EFO)UI(ll)
2 *SAFC))
EEQIJI (3,1) =EEON-EEO
OFLOO=GINT*FNTTNT
GO TO 820

C
C INTAKE FLOW IS FROMCYLINDER TO PORT (BACK FLOW)

'800 FF001I(3,1)=0.
OFLOW=GINTEENTH(1,1)

820 GEXT=O.
OEXT=0.
EMASS(3,1)=GINT
GO TO 2000

C
C COMPRESSION AND EXPANSION

300 EEOI(3,1)=0.
EMASS(3,1)=0.
QFLOW=0.
GINT=0.
GEXT=O.
0EXT=0.
GO TO 2000

C
C COMBUSTION AND EXPANSION PROCESS

400 CONTINUE
IF(IE.E0.1) GO TO 300
IF(NSTEP.GE.2) GO TO 410
CALL DCAL

C
C THE EFFECT OF PUSHING THE FJEL ELEMENT INTO CYLINDER

IF(ANGLE.GE.AFIIELE) GO TO 410
D0V=EVOL(1,YE)/ASTEP

410 CONTINUE
OFLOW=-OOEmAS(1)*EENTH(1 ')
GINT=0.
GEXT=O.
QEXT=0.
IF(ANGLE.GF.AFUELE) GO TO 420
DVCYL=OVCYL-DDV

420 CONTINUE
GO TO 2000

C
C EXHAUST VALVE O'EN

60 0 EFQIJ(3.1) =0.
CALL EXPOR
DOEMAS(1)=-GEXT
EMASS(3.1)=GEXT
OFLOW=GEXT*FENTH(1.1)

?Of l RFTIRN
END
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SUBROUTINE FRICT
c
C CALCULATION Or THE FRICTTON LOSSES
C THIS PROGPAM WAS OPIGINALLY MADE RASFODON IN.-LA UNITS.

COMMON /STATI/ RM. JLA STNJET*,PHIOES7R
COMMON /GEOMT/ STROKE.RARECONLVCLEARVCUP RCUPCYLN
COMMON/INFLO/ NINEF.X1NFr(20) ,YINEF(20) ,AREIND,PINTTTNTGINT,
I FQUINTARFINTXINV
COMMON /APA TE/ TAMRPAMP
COMMON /FRTOT/ RSKIRT,FC3E,RINGNFE(l0)
FACI=2.54
FAC2=OOO./14.2
80REX=BORE/FAC1
STROX=STRO<E/FACI
RSKIX=RSKIPT/FACI
CR= (3.1416*AORF*90RE*STPDKE/4.+VCUP+VCLEAR) / (VCLJP+VCLEAR)

C
C. MTSCELLANEOUS AND PUMPs

FMEP(2)=FAC2*O.39*(RPM/1000.)**1.5
C
C CAM GEAR

DINTVeSQRT(AREIND*4./(3.1416*XTNV))/rAC1
FMEP(3)=FAC2*(30.-(4.*RPM/1000.))*XINV*DINTV**.75/(3PEX*ROPEX
I*STROX)

C
C BEARING

FMEP(4)=FAC2*(FCOE*30RE/STROX)*tPM/1O.
C
.C BLOWBY

XX=ABS (PAt4Q-PTNT)
IF(XX.LT.O.) XX=.
FMEP(5)=FAC2*SORT(xX)*(U.72*CR**O.4-(0.49+0.015*CR)*(RPM/1000.)**
l 1.185)

C
C VTSCOUS PISTO"

FMEP(6)=FAC2*(21.93*QS<IX/(SOPEX*STP2X)*STROX*RP4/6000.)
C
C STATIC RING TENSION

FMEP(7)=FAfl2*2.11*STROX*?INGN/(BOPFX*IOREX)
C
C RNG GAS PREScUPF

FMEP(R)=FAC?*XX*(2.35*STROX/(ROPEX*R34EX))*(0.OA8*CR+0.,187*CR**
1 (1.33-(0.?1*STPOx*RPM/5000.)))

C
C TOTAL FRICTION LOSS

FMEP(1 ) =0.
nO io3 I=2.9
FMEP(1)=FMFP(1)+FMFP(T)

100 CONTINUE
RETURN
END
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SURROUTINE VGAS(RJETHJET QRPM, ANGLEVRGASVGASWSWIR,VPTS,
I FSWIR)

C
C
C CALCULATION Or THE GAS VFLOCITY SURROUDING THE JET

COMMON /GEIMT/ STROKEBOnECONL VCLEARVCUDRCUPrCYLN
COMMON /JETDAT/ WSWT0A9PHA.BETA

C RJET=JET RAO1IS FPOA CFN'TER(CH) (GVEN)
C HJET=JET VERTTCAL LOCATION rROM CYLINDER HEAD (GIVEN)
C PPM= ENGINE SPEEO (GIVEN)
C ANGLE= CRANK ANGLE (DEG).TOC=360 (GIVEN)
C VPGAz=VELOCITY COMP. OF PAOIAL DIPFCTION (GIVEN)
C V7GAS=VELOCITY COMP. OF VEPTICAL OIRECTION (GIVEN)
C WSWIR=ANGULAR VELOCTTY(RAD/SEC) (GIVEN)
C VPIS= PISTON SPEFD(CM/SEC) (GIVEN)
C. FqWIP=CONSERVATION PATI TOF SWIPtL (GIVEN)
C STROKE ,BORECONLVCLEARVCJPRCulPWSWTP0 ARE GIVEN TN COMMON
C (SEE THE INPUT QOUTINE To CHECK TF MEANINGS OF THESE VALUFS)
C NO SURPOUTTINE APRF PEIPED

PCYL =BORE/7.
AKl=VCUP/ (3.141 6*RCYL*RCYL)
AK2=VCUP/(3. 1416*RCIiP*RCJP)
ANG=ANGLE*3.1416/1AO.
ANG0=3.1416

C
C PISTON HIGHT FPO'4 THF PTSTON TO THE CY.INDER HEAD

HIGH=SQRTU(..-(STROK/?.*SIN(ANG)/CONJ.)**2 )
HIGH=VCLEA P/(3.1416*8OPE *OiE/4.)+STOKE/2.*(1.-COS(AN rG))
1 *CONL*(1.-HfGH)

C
C PISTON HIGHT AT RDC

HIGH0=SORT(1.-(STRKF/2.*SIN(NG)/C3NL)**2
HIGH0=VCLFAR/(3.1416*ROPE*BORE/4.)+STROKE/2.*(u,-COS(ANGO))

I +CONL*(1.-HIGHO)
C
C PTSTON SPEED

VPIS=SORT(CONL*CNL-STPO<E*STPOKE/4.*SIN(ANG)*SIN(ANG))
VPIS=STPOKr/?*SIN(ANG)+STRO<E*STROKE/4.*SIW(ANG)*COS(ANG)/VPTS
VPIS=VPIS*3.1416/lAO.*RPA*6.
XX=HIGH/AKI
1F(RJET.LT.rCJO) GO TO 100
IF(HJET.LT.HIGH) GO TO ?00
V7GAS=0.
VPGAS=O.
GO TO 400

C
C GAS VELOCITY COMPONCNTS ABOVE THE PISTOJ( FL AT PART)

20A VRGAS=PJET/(2**A<1)*(PCYL*RCYL/(RJET*RJET)-1.)*VDyS/(XX*(1.+xX)j
VZGAS=HJET/HIGH*VPTS
GO TO 400

100 IF(HJET.LT.HIGH) GO TO 300
r
C GAS VELOCITY rOMPONENTS INSIDE THE CUP

VpGAS=0.
V7GAS= (AKL-AK<2+HJFT) /(A<1+HIGH)*VDIS
GO TO 400

C
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C GAS VELOCITY IOMPONENTS A93VE PISTON CJP
300 VRGAS=RJET/(?.*AK')*(I.-AK2/AKl)/(XX*(XX+AK/AKI))

VPGAS=-VRGaS*VoIS
V7GAS=(1.-CYL*PCYL/(PCIPD*RCJP*(XX+1.) ) )*HJET/HIGH*VPIS

C
C GAS VELOCITY (TANGENTIAL COAPONJENT)

400 WSWIR= (HIGH+AKI)/(HIGHn+AKI)*WqWO* ( AK2*RCiIP**4.
1 +HIGHo*RCYL**40 )/(AK,*pZU**4.+HrGH*RCYL**4.)
WSWIR=WSWjP*FSWIq
RETURN
EN)
SUBROUTINE CONT(XX.YY.XI Y0X,Y,J)
OIMENSION v(2),Y(2)
IF(M-2) 10,20,30

In X(1)=Xx
Y(l)=YY
XX=XX+X1
N=2
RETURN

20 X(2)=XX
Y(2)=YY
N=3
GO TO 60

30 IF((Y(2)-YA)*(YY-Y0 ) 40950,50
40 X(1)=XX

Y(1)=YY
GO TO 60

Sn X(2)=XX
Y(?)=YY

60 XX=(YO-Y(1))*(X(?)-X(1))/(Y(2)-Y(1))+X(1)
RETURN
END
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IFr(XXX.T.n.) O TO Sn
VN=0.
60 TO 60

SO \VP=SQPT(VN-VI**2)
61 CONTINUF

C
C CHANGES OF MACS ANr) VFl.OCITY COmDONENTS OF THE JET
C CHANGE OF MASq(G)

0M= VJET*SPT(PH.IFTf/RHSAS)*PHGAS*DITCH/(s.*PPM)
DM=DM*?.*3.1414*RJFT*(ALDHAOARS(VJRT-VT)+BrTA*ARS(VN))
OM=OM*(l.-THEP/(P.*3.l41 ))
DM=)M*C?
TD=TDM+DM
A4JET=AMJET+0M

C CHANGF OF VERTICAL VELrICTTY
OV?=DM/AMJrT*(VSAS-V7JFT)

C CHANGE OF PAOTAL VELOCITY
DVR=AMJET*PJET*(dJET**? -PHSAS/RHJFT*WSWIR**?
DVo=DVR*C?
OV= (OVR-(VPJFT-VRGAS) *(p) /AM.JFT

C CHANGE OF ANG'iLAP VELOCITY
DW=((WSWIQ-WJET)*PJFT*DM-2.*AMJET*VPJEzT*WJET*C?)/(AMJFT*RJET)

C CHANGF OF TOTAL JFT VELOCITY
DV= (RJFI**,.*WJET*nW+PJrT*WJE T**2 *VJFT*C+VRJFT*DVR+V7JFT*DV7i
OV=DV/VJET

C
C NEW STATE CON9ITIONS OF THF JET

VJET=VJET +nV

WJETLWJE T+nwf
VPJET=VRJET+DVR
VZJET=VZJET+0V7
PJET=PJET+VJFT*r?
ALJFT=VJET*PlTrH/ (o.pOM)
VOLJE=DM/RGAS+ ( AMJF T-flM) /R'1,jFT

C -JET RADIUS WITHOUT CONTArTTNG ANY WALLL
FJFT=SORTrVOLJE/(3.1416'OALJET))
HJET=HJET+V7JET*C2
AJFT=AJET+.JET*C2

C
C CALCULATION Or THE JET CfNFIGURATION

X1=RJET+RJrTO
X2=HJET+BJPT.
X9=HIGH+VCIIP/(3. 141$*PCj*RCIJP)
IF(HJFT.GT.HIGH) 6 TO loo
IF(QCYL.GT.xl) GO TO 200
IF(PCYL.GT.PJFT) GO TO 300

r
C -JFT IS RESTRICTED RY THE CY..INER WALL (VET=f.)

VOJET=.
RJFT=1.414*RJFTO
THEP=3.1416
PJET=PCYL
60 TO 2090

C
C JFT IS CONTACTING WITH THE CYLINOrF WAL..

300 NN=0
X-=PJFT
X4=PCYL
GO TO I50O

20' IF(X2.LT.HTG) G TO 40"
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GO TO ?000
900 IF(RCUP.LT.PJFT) GO TO 1200

C
C JFT IS CONTACTING WITH THE DISTON CUP WALL

500 N'=0
X3=RJFT
X4=RCUP
GO TO 1500

C
C JET IS RESTRICTED BY THE PISTON CUP WAL.
1200 9JET=1.414*RJETO

THEP=3.141A
RJET=RCJP
vRJPT=O.
G0 TO 2000

C
C SOL VE THE CONTACTING ANGtE
1500 ITEL=1
1950 IF(RJET.GT.(X4-X3)) GO T3 1600

BJET=X4-X3
16(? ANGh=2.*ATAN( SO PT(RJFT*RJET-(X4-X3) *(X4-X3))/(X4-X3))

THEP=ANGI
APEA1=3.1416*R.JFT*PJE T*(1.-ANG/(2.*3.1416))+(X4-X3)*STIN( ANG1
1 /2.)*RJET
APEA2=3. 14) 6*RET0*RTJFT
ERRO=(AREA1-AREA?)/AQFA?
IF(ABS(EPRr)) .IT.0.0lS) 3 TO 2000
Y0=0.
XNEXT=0.1
CALL CONT (R JETEOPPf'OXEXTY0XXYYNN)

199R FORMAT(2El?.4)
ITEL=ITFL+i
IF(ITFL.GT.30) GO TO QQ0
GO TO 1550

1990 WPITE(6.19Q9)
1999 FORMATu(STnP DIE TO THE 3VER ITELATIONO)
?000 CONTINUE
3000 CONTINUE

RETURN
END
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SURPOUTTNE OPFOA
C

C T4TS SUBROUTI4F IS FOp OPFPATION OF PAC1 ROCESS
COMMON/EPtflP/ TECHF(100).EFJEL(J0f)J~ANGL(100),FMWT(100),
1 OHFUEL (100),OHLOS (1OA), )IE4A (100)'0EMAS (il).
1 E GAS(100) *ECP (100).FENTH ( A, 1 ) ,FASS (gt10) ,EEU (A ,10),
1 EVOL(8,100),FTFMP(FA 100).ePCYL.(A)
COMMON /ST'iTE/ ANGLF,ANJLEJcOND. ASTE,NSTFPIF
COMMON /FIJFLP/ FLELFWCALZ,7NPST.SAFCVACAL
COMMON /TIVIG/ ATNTO.AFXTO,AINTCAEXTC.AFUELSAFUFLE
COMMON /OSOPE/ L0 T*INPLINECOLI\!EST ITELLITEL
COMMON/CONTL/ ASTIN. A ST c..ASTCRASTFE XASTOVPPININPRINCL.PPTNFX,
1 PRTNOV
COMMON /STATI/ R0MJLASTeNJET.PHTO,F.R
COMMON /HETRL/ PAASFTRASEVBASFCOHTICOHT?,COHTTHP(10)
COMMON /GEVMT/ STRow;. n4E, CONL VCLF 144VCIUPRCIJP CYLN
COMMON /SUv2/ TTGINTTTGEXTTToFXT.TTUHTR(l0).TOHTR(10),PC
COMMON/TNFi.0/ NT IEF-,XTNFr(20) ,YINEF (20) ,ARETNOWINTTTNT, rINT.
1 EQUINTARrINT.XINV
COMMON /AMPJE/ TAMRPAM
COMMON /NOXSP/ CfNNO(1f0)PPMNO (100),W9JO(1o),SUMr1(100),PPMpXT
ANGLE=ANGL+ AS TED
IF(ANGLE-ArXTC) lfl,1?0.120

100 IF(JCONO-1 110,9000.900)
110 IF(JLAST.EO.1) GO TO 117

C
C SET THE LAST COIPUTING STEP

ASTEP=ATNTO-(ANGLE-ASTEP)
ANGLE=AINTO
JLAST=1
GO TO 9000

C
C INTAKE AND EXHAUST VALVE OPEN

11? JCOND=1
JLAST=0
ASTEP=ASTOV
LINFST=IFTX (DPTNV)
L INECO=O
WRITE(LPT.7000)
WPITE (LPT,701f)
WPITE(LPT,7020)
WRITE(LPT,7030)
GO TO 9000

12 IF(ANGLE-ATNTC) 130,140.140
130 IF(JCON-2i 150,9Qnn nO0
150 TF(JLAST.EO.1) GO TO 19?

ASTEP=AFXTC-(ANGLE-ASTEP)
ANGLE=AEXTr
JLAST=
GO TO 9000

C
C TNTAKE VALVE OPENS

19? JCOND=?
JLAT= 0
ASTEP=AS T I
i TNFST=IFIx(DTNTN)
LINECO=0
WPITE (LDT.7?l0)
WPITE(LPT,7010)
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WRITE (LPT ,72??0)
WRITE (LPT.7230)
GO TO 9000

140 IF(ANGLF-AFIELS) 160.170,170
160 lIF(JCOND-3) iqo,90non.000
iRA IF(JLAST.FO.1) GO TO 1R2

ASTEP=AINTC-(ANGLE-ASTEP)
ANGLE=AINTC
JLAST=1
GO TO 9000

C
C COMPRESSION PPQCESS

IA? JCOND=3
JLAST=O
AS TEP=ASTC'

LINEST=IFIX (PRTNCL)
LINECO=o

C
C CALCULATE THE OVEPALL FOIIVALENCF RATIO
C

PHIO=n.S
DO 172 1=1.4
FRES=(FMASS(2.1)-TTGINT)0 PHIO/(SAFC+1.)
FFGR=TTGINT*PHTO*EGP/ (SAC+I.)
PHIO=(FIEL+FFS+REGR)/(EFASS(2.1)-FRES+FEGR)*SAFC

17? CONTINUE
r
C CALCULATE THE VOLUMETRIC EFFICIENCY

fEL=ZN/7M
CALL UPROP(PAMRTAMRn.,)ELPSTf0.,DJMDtJM.DUMOUMDUMDUM,
I DUMRGA S.fJU)
DISP=3.141v/4.*RRF*RPF*STROKE
THMASS=PAMR*DTP/(PGAC*TAMB)
EFFVOL=TTGYNT/TH4ASS

C COPRECT THE EIUTVALENCF PATIO OFr CHA RGE) AIR

.FOII (2.1) = (FPFS+FFGR) / (:MASS (2.1) -FRES-FESP) *SAFC
TRASE=ETEM'(2.1)
PFASE=0CYL (?)
V9ASE=EVOL (21)

C NOX CONCENTRATION FOR CHARGED AIR
CONNO (1) = (rMASS (C.)) -TTGINT) /E'WT 11) *PDMFXT/1000000.
1 +TTGINT*F'P/FMWT(1)*PPvkXT/1000000.
PPMNO(L)=100000.*CkiNio(1)*t-4WT(1)/FMASS (2,1)

WNO(1)=30.*CONNO(1)
WRITE(LPT,4100) PHIO
WPITE(LPT ,S12A) ?FFVO.
WPITE(LDT9,S140) ?FOIJT (291)
WRITE(LPT,6160) DPMNO(1),WNO()
W0TTE (LPT,7400)
WRITE (LPT.7010)
WRITE (LPT. 7420)
WRITE(LPT.7430)
SO TO 9000

170 IF(ANGLF-ArXT0) 190.?l00?00
190 IF(JCONO-4) 210.192,19?
19? IF (ANGLF-AFUEL F-?0.) qn0.9000.194
194 ASTFP=ASTCI

GO TO 9000



124

21l IF(JLAST.EO.l) G1 TO ?I?
ASTEP=AFUELS-(ANGLF-ACTF')
ANGLE=AFUELS
JLAST=t
GO TO 9000

C
C F JEL STAPTS TO BE IJFCTFr)
C COMBUSTION AND EXPANSTON

21? JLAST=
JCOND=4
ASTEP=ASTCR
LINFST=IFIY(PPTNCL)
LINFCO=O
WRITE (LPT ,7600)
WPITE(LPT,701)
WRITE(LPT,7620)
WPITE(LPT,7630)
GO TO 9000

200 IF(ANGLE-ATNTO-7?0.) ??30s230
??A IF(JCOND-5) 24flo000,qO0
240 IF(JLAST.E.1) 69 TO 24?

ASTEP=AEXTI-(ANGLE-ASTEP)
ANGLE=AEXTn
JLAST=l
GO TO 9000

C
C EXHAUST VALVE OPFNS

24? JCOND=5
JLAST=0
ASTEP=ASTEY
LINFST=IFIX(PPINrX)
LINEC:0=
IF(IE.E0Ol) GO TI 244

C
C CALCULATE THE TOTAL MAR AND ENTHALPY

TrNTH=0.
TMASS=0.
DO 7320 I=1,IF
TENTH=TENT4+EFNT H(?, I) *FAASS(?, 1)
TMASS=TMASS+EMA SS (2,1)

7320 CONTINUE
C
C CALCULATE THE AVFPAGE ENTHA.PY

AVFNT=TENTH/TMASS
r
C CALCULATE THE AVEPAGE TEMPFRATJRF
C FTPST FIND OUT THE ELFMENIT 4HICH FNTHAL'Y IS CLOSE TO THE
C AVERAGE ENTHALPY

OFNTM=1000.
11=1
00 7330 I=I,1F
DENT=ARS(A%/ENT-EENTH(?,I))
!F(DENTM.LT.DENT) GO TO 7330
DENTM=DENT
T:!

7 330 CONTINUE
C
C DEFINE THE NEw DPnPERTTS

ETFMP (2.1) =FTF'AP (2,11) + (AVENT-rFFTN(? TI)) /FCP (TI)
EFOIII (2.1) =Pil0
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FENTH(2.1)=AVPNT
FMASS(2,1) =TMACS
CALL HPPOD(0 CYI (?),FTFMP(2,1),rFFUT(2v1),DLPSTpFJTNLPCCURP,

I CSUBTRHO.DRHqDT,9p4n0poEm4T())*F~riAS(I),CV8G.E8GP)

EC0 (1)=ERGAS (1)/41.441+CVBG
EVOL (2,1) =VCYLN
IE=1

C

C NOX AMOUNT WILL RF rEFINFD.
C FXHAUST NOX ON MASS RASF

ANOXEX=TWN*TTGITNT/TMASS*RP4/120.
WRITE(LPT,7140)
WRITE(L-PT,734P) oCYL(?),E-TE4P(P.l)qEr-lUI(2,1l)*FF4TH(2-ol)-o
I EMASS(2,1)
WPITE(LPT,7450) TPPMANOXEX

7340 FORMAT(//,10X,9***FXPANSION PROCESS IS CALCULATED AS ONE FLE4FNT**

1*1)
7342 FORMAT(15X.I8HPRFSSIPF = .F1C.2,'ATA',/9

1 15X,18HAv. TFMDEPATLJRF = .F10.1.'< DEG',/.

? 15X,I8HAV. FOu. PAT[) = ,Fl0.3,'/
3 15XI8HAV. FNTHALPY = ,R10.2,'CAL/G',

4 15X,18HTOTAL MASS = ,710.4,'G')
244 CONTINUE

WRITE(LPT,7800)
WPITE (LPT.7010)
WRITE(LPT.7820)
WRITE(LPT,7230)
GO TO 9000

230 JCOND=5
9000 ANGLE=ANGLF-ASTEP

RETURN
6100 FORMAT(//,)OX.'OVEPALI FLJIVALFNCE PATIO ='.FI?.3)
6120 FORMAT(1OX,'VOLUMET

0TC FFICIFNCY==,Jl?.3)
6140 FORMAT(I0X.'COPRCT CHAPAED AIF PHT ='.F12.3)
6160 FORMAT(IOX.'INOUCED ATR AND PFG. GAS ifX' ',

1 isX,'PPM ='.F1?.15Y,e IASS =',E)?.3*G')
7000 FOPMAT(IH1.5X,TNTAKF AN) EXHAUST VA.VE OPEN'/)
7010 FORMAT (IH *0OIT'UT OATA')
7020 FORMAT(2X *4HTHE,3X4H P ,3X,4-I T *3X,4i V ,3X,4HWfPK.

I 3X,7HCYL.MAS.3X.15H HEAT TRANSFFP ,6X,4HAEFI,3X,4H GWISX,
4HAEFT.3X.4H GWE)

7030 FORMAT(?X .4HOEG ,3X,4HATA ,3X.4H K ,?x,5CM**3.3X.4H PS .

1 lx,7H KG ,3X.1SH CAL/A CAL ,5X,5HC**?,3X.4H G/S,4X,
2 SHC**?,3y,4H C/S,/)

720) FOPMAT(lHI,5XIINTAKE VAL VE OPrN'./)

72?0 FORNAT(?X .4THE,3X,4H P 93X,4H T IX,44 V ,3X,4HWOR<,
1 3X,7HCYL.'AAS,3XISH HEAT TRANSFFP.'"X,4HAzFI,3X,41 GWT)

7?30 FORMAT(2 *4HnFiG ,3X4HATA ,3X.4H K ,?X,5CM**3,3X.4H PS

1 3X7H r G .3X.1H CAL/A CAL ,5X,5HCM**?,3X,4H R/S,/)
7400 FORMA7(1H1.SXICIMPPFSSTDN"J/)
7420 FOPMAr(2X ,4HTHFD,3X,4H P ,3X44H T 03X;4H V ,3X,4HWORK.

I 3X,7HCYL.UAS.3X1,iH HFAT TRANSFFR.7X,4HFSWR.3X,4HS.QT)
7430 FOPMAT(?X ,4HnFG ,1X,4HATA ,3X44H K ,XS5HCM**3,3X4H PS ,

l 3X47H G .3x,1SH Cd./A CAL ,llX,3X,4H*PDM)
7450 FORMAT(//,10X,,**EXHAIIST NOX****/.

I 15X,5HIOX CONCFN. = Fjn.1.eDa'./*
? 15X,1SHTfTAI mASS ,EJ?.3.'S')

7600 FORMAT(1H1.SX4fCOMBUSTTOin ANO rXDANSION./)

7620 FfPMAT(?X,4HTHFO,3x.DprSS',9XDSI,7X.FS4PP,7X.eS.PTO,7X,
1 'PPm1,q9XIWNO'./1x.
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I 3.lNI.lx,?H**.3X.4HT.AV.3X4HTEM.3X,4HR.rT
1 X.4HHASS,3Xs4HDMAS. X.4HA-rS. 3X94-4 V ,3X,4HFQUT,3X,4H C0,
? 3X,4HFNTH,3X.4H PPM,3K.4H WNO,1x,1d- JET LOCATT)NS ,1X,
I 4HPJET,1XSHC.AG .?X,44H.T. )

763 FOPMAT( 6X.4X,4H K ,3X.4H K q3X,4X *3X,4H MG ,3X,4H MG o
1 3X,4H MG .?X.SHCM**3. 7X.2XSHCAL/r;,2x,SHCAL/G,2X,4H PPM,
? lX,7HG*1O*6q1x5H(cM). 1,xqH7(Cm)4X,95Hi PEG ,2X4H CM .2X,
3 4H DEG,2X.44 CAL)

7ilf FORMAT(1H1.5X9'ExHAjST VALVE OPEN./)
78?O FORMAT(2X .4HTHEP,3X,4H P q3X,4H T 93X94H V ,3X,4HWqRK.

1 3X,7HCYL.MAS,3X.15H HEAT TPaMiSFF,5X,4HAEFE,3X4qI GWE)
END
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SJROUTTNE FX POR
C
C EXHAUST POPT 'ALCULATION
C THIS PROGRAM WAS OfIGINALlIY MAOF USING METER-KG UNIT
C
C

COMMON/FPRDP/ IErHF(InO),EFJEL(inn)~AwGL(100).FMWT(uo),
1 OHFUEL(100),DHLfS(In).31E4A(C100),3OEMAS(100),
I EGAS(100),ECO(100).WFNTH(Alnn),FMASS(A,100),FEOUI(A410A),
I EVOL(8,100)gETEMP(A,1n),PCYL(A)
COMMON/EXFlO/NXF ,X!rXEF(?0),YEXFF(2)APEEXDOPFXTTEXT,GFXT,
I IGLEFTTLEFT.OEXTOFI.OW.ELEFTAPFFXTXEXV

COMMON /STPTE/ ANGLF1 ,A"LEE JCOND, ASTED,NSTFP.TF
COMMON /TIMIG/ ATNTO.AFXTOATNTCoArXTCAFU;,AFUELE
COMMON /FUcLP/ FJELFKCA.,Z$, 7NOSI,S ArC. VACAL
COMMON /STAT1/ R'MJLAST.NJET ,PHIOE3R
IF(PEXT-PCYL(1)) 90,;0,63

C FXHAUST FLOW TS FPOM CYLTNDER TO EX. P04T
C P VALUE DOES i'T CHANGE MUrC-i

50 CEXT=-1.
PHIGH=EPGAC(l)*9.8
PHIGH=PCYL(U)*10000.
PREX=PEXT/DCfC. (1)
EHIGH=FEOUT(1.1)
IF(IGLFFT) 51,51.5?

C IGLEFT=1 THERE IS RESIfUA- GAS
C IGLEFT=0 THFPE IS NOT PESIDUAL GAS

52 THIGH=ETEMP(l.1)
AKCYL=1.34
AKHIGH=AKCVL
GO TO 100

51 THIGH=TLEFT
PHIGH=EPGAc(1)*Q.A
AKLEF=1. 34
AKHIGH=AKLrF
';) TO 100

C EXAUST FLOW TS FPO" FX. OnT TO CYLTNDER
60 PIGH=ERGAS(1)*9.8

CEXT=I.
FHIGH=EQUT(1,1)
PHIGH=OFXT*10000.
PREX=PCYL(1)/PFXT
THIGH=ETEMD (14 1)
AKEXT=1.34
AKHIGH=AKEYT

C
C CALCULATE THE EFFFCTIVF FXHAUST FLOW APCA

100 IF(ANGLE-3s0.) 150,150,160
150 ANAE=(ANGLr-(AFXTO-7?n.))/(AEXTC-(AFxT-720.))

GO TO 200
160 AN=AF=(ANGLr-AFXTD)/(AFXT C-AEXTO+7?o.)
200 CALL TWODB4(NEXEFXEXFFYEXEF.ANAE,A4EFAC)

APFEXT=A4ErXD*ARFFAC
APFEXT=ARErXT/)0000.
PPCRIT=(2./(AKHTGH+1.))**(AKHTGH/(AK1lsH-1.))

C
C CHECK WHFTHEP FLOW IS CHOKF) OR NOT

IF(PRCRIT-DREX) 300.300.310
C
C CHOKED
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31n PPEX=PRCRIT
C
C NFXT EOUATION IS RASEn ON u~TER- -WG INTT

3f OGEXT= ;opT(AS(p.*A<HIGd*9.4/RHliH/THiriH
I /(AKHIGH-l.)*(PPEw**(2./AKIlCH)-PPX'*((A<HGI+l.)
P /AKHIGN))))
GFXT=OHIGH*APFFXT/e. /PP'0GEXT
GEXT=CEXT*FXT
GFXT=GEXT*1000.
APFEXT=ARFrXT*10000.
TF(CEXT) 410,410.400

410 TMANI=THIGH*PPFX**((AKHTI3H-1.)/AKHTGI)
OEXT=GEXT*rNT(TMANT ,FHIGiSAFC)
G0-TO 1000

400 OEXT=GEXT*ENT(TEXTEHTGHSArC)
1000 RETURN

END

0
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C
SUBROUTINE VOLCY(ANGLF,VCYL.DVCYLST4OKE.B9PECONLVCLFAR.VCUP)
PAI=3.141593
ANGRAD=ANGLE*PAI/1A0.
HSTROK=STPqKE/2.

C DFLTA VOLUME CALCIJLATTON
DVCYL=PAI*OQPE**2/4.*(HSTRO<*STN(ANGA)+HSTROK**?*SIN(ANGRA)
I *COS(ANGPAD)/SRT(CONL**2-HSTpOK**2*SIN(aNGRAO)*@2))*PAT/lAf.

C VOLUME CALCULATION
DISTTB=CONL*(I.-SOPT(1.-(HSTPO</CONL)**2*STN(ANG9AO)**?))
1 +HSTPOK*(l.-COS(ANPA))
VCYL=VCLEAP+VCJP+PA I*pORp*BOR /4.*D T ST TB
PETURN
END

C
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SIJRROUTINE TWOIIIM(NX.YXINYOUT)
DIMENSION x(1).Y(1)
XJMMY=X IN
IF(XUMMY-x()) 51O,810.1O

51n XDlMMY=X(1)
81 CONTINUE

IF(XDUmY-x(N)) 9A,20,320
5?o XfLPY=x (N)
82n CONTINUE

J=O
3 J=J+
9 IF(XDUMMY-x(j)) 1.293
P YOUT=Y(J)
GO TO 4

1 YOUT=Y(J)-(X(J)-x )Mmy)/(X(J)-X(J-1))*(y(J)-y(jJ1))
4 RETURN

END
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S1JF3P'JrJTNE HEATR
C
C NrAT TAtnrro rALCJLATTOPI

CoAI0mol/rOPnP/ TFHF(1n) ,EFJrL(on) .IMGI (0) ,FMWT(IO0) ,

1 HFUFL (100) .OHIS(1in) .)IEMAS(100)JKMAS(100),

1 FvOL (M,l0r)i,FrruP (R,100) ,PCat (M)
CO'A'AON /STATF/ A'NI r1 .A ;LE , Jo hNDqsrE.T.Ns TFPTF
CO'AMON /STeTI / PDM,JL AST.NJ7 TPHTf, F3
COI&APAOU /GEIAT/ /sTRF.v'NF ,CON . VCLr tRVCa),PC9P, CYLNJ
COYIAON /HE TOS/ NfI V'Tfl.TYTAL(n) ,OfHT ?C(If0).APF(10)
COM.AQN /JFTS/ o.JT (swi .NJET (9O).AJFT (50),AJFT(50).THFO(;O).

I VPJE T (g ) .VZJP T(50) t,9J *T (50) , VJ T (5')) ,ATIAJ(90) RH JE T (r; )
P DITCH(S0)

COAMO /SUDVwS/ rSW!,'WSMI, SErWCAY
CO$MOtJ /HET?1/ PAsFTRASEVRASF,Cr)HT1,COHT,CHT.9HR(10)
O1AENSION 'TCO?(10),HTT(10)
ANGPAI=ANGLE*3.1414 /IRO.
CALL VOLCY (ANGLECYLV,f0llpiST9l4FR0PECONLVCLFARVCUO)

C
C CFT THF H.T. 6FA OFR CYLTNnEP VALL
C

APF(?) =(CYLV-VC1P)*4./R:)RE
VO 00 1=f.'Tr)
OPTOC (I) =0.

?00 ConMrItF
00 202 =I.1F

fILOSC( I)=0.
20? CONTINIE

H T CONI=COHT *7n 14.*POQF** (-0. 2) *PCYL (I) **(). / (;. 16*10.**Ft*C)OM'
r,) TO C? 0.?10,?2?0,??0 ,?10),jJCnNf

C !CrTorPIC T[ APEP ATJPF
?>0 P TSFN=PRAS"*C(VPAF/CYI V) **I.3?

HTCoAN=rOHTI*(CTPOKFRoPM/30.)+100.*CDHT?*CYLV*TrAsE/(PRASr
I *V/PASF)*(aCYl (1)P-P'qJ)
rA TO 230

C
C FOD PPOnCFS --TNTAcFYm4AusT AND VALVF IVErPLAD

?1n PIfR=CYLCI)
H TCOI2 =CfHTI1*CT OKF*DU/3.)

?30 rMTINIJF
no 300 T=?.tf0191r

C 0.4 Tc AN A9JcTT% r'trTrv?
HICO? CT) =(CTCO'l+WSWTP*o+ C)*fl.4) **le.

30O0 COHTlINi
TFILL=')
IFCTC.FO.li GO T) )flflf

TAF IFL=0.
00 ?900 J=1 4TF

T=Ir.I- J
F(.rJ.) r1ro ?1?o

C Ts4F APF"A nF .T C iTACTTNIf', IT-I WALL
APFATH=PJFT ( T )S Tl ( TH; (1)1/.) *?.*VI: TT) *) TTC I1) / (6.*ROM)
TAwFA=TAwFA+APrATH

r rwrrv W4TwTET T-4 F TSTOn ri' Is IpL OT-i JFT FLEMFJTS 00 NOT

C
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IF(TAPEA.GT.APF(4) ) rO TO 20Gn
OTAPEAARRF?) +.RF(3)+A4r (L)) +AP (4)+A 4E (7)

C
C PISTO'l CiP TC NOT FTLLFI YWTTH JPT FLFAF\JTS

OHLOS (I)=HTCON1 *FTFMP (1.I) **(-0.53)*TCO2(4)*ARFATH*
I (FTE). (1,1) -TME T Al. (4) 1
r-4TPC (4) =OQTPC (4) +rw0 enC I)
OHTPC (I) =0HTOr (I) +HL OS (I)
GO TO 2900

C
C PYSTON CUP IS FILE 1FF)WITw JET ELEMENTS
?n20n IFILL=1
?100 AA=ARFATH*ITCON1*ETFAP (1,I)**-0.93)

PTAPEA=APE(C) )+APc(1)+ADF(5))+AR (6)+44(7)
?llA 002110 JJ=?eNOIVTr

IF ( TF 111.Ffl.0) (i TO P112
IF(JJ.FQ.41 50 TI ?1II

?112 HTI(JJ)=AA*APF(JJ) /PTAOEA*ITrn?(J))*(ETEM(II)-TMETAL(JJ))
OPTPC(j,1)=IHTPC(JJ)+HTI(JJ)
PHLOS (f)f=04LIS(I)+HTTC iA)
CHTPC(1) =0-41RC (1) +HT I(.).)

;110 COT IMIW
f70 TO 2900

C FOP Fl EMF1JT 1
?V0 rx=AQF(4)

ITr(IFILL.EO.0) 631 TO 2114
O A=(APF (2) +AOF (3) +AtW (4) +ARE (;) +APF (5) +APE (7) -TARFA) *HTCOI1*
1 F TEMP(1,I ) ** (-O.53)
PTAPEA=ARE(?)+APE(3.)+APF(5)+APF(6)+AE(7)
r30 TO 2116

?1-14 PTAEA=A'E(?)+AF(3).+APF(5)+APF(6)+AtJE(7)+APE(4)-TAPFA
xv=A< (4)
APr %4)=A1E (4) -TA2FA
AA=8TARFA*TCONl1*FTFMP ( lI) ** (-0.53)
00 TO 2116

90r0 COtT IrJi
APF(4)=X1
40 TO 900

1000 HTCO11=HTCOnIj*F TrMP (1.1)(** 9.53)
00 1900 I='O'J9TVT0
OHTPC( I) =HTCO) 1*-4Tr C)P*I(ETEMP (1,1) -TMFTAL(I))*AP(I)
0'TPC (1) =O.JTPC (1) +r)HTOC (I)

19n rATrINIF
fHLOS(1)=dTPC(l)

0000 PFTUPN
F'tn
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YJPDOUTvT NE OELTA(DvJYi r'JTI14T)
CflMmlr/F9fRlP/ TFrHF(in0).FJrI (100).EA'41 (jfl0),FMWT(lf0),

i OHFUFL(Inn)OHLOS(100),)IEMAS(ln0).2)OM'1S(100),
I FQrA(1n1.crco(0) .rFMTH(4,), ReAIA00),FE001( 100)9
j FVOL(A.lo),FTEP(R.10n),PCYL(A)
CO"MOM /STATE/ AJfLF.A3LECfNQASTED.,'sTEPTE
coMMN/FXF'.0/uFKF.XExFr(20),YrxEF(?r)),APErxDPFXTTEYTGrXT,
IFTTLEFTETLCFT ORT .OP-? 1w.PLEFTAPFFXT XXV
nIMFNSION r0(In),HFNT-$(1C0)
AJ=4?.6A

O 50 r=1.TE
On(I)=nHFUwL(I)r)H,;ST)
HF9Tr1(I)=FYNTH (II)

S n r,-NT INUJIF

F'JT CYL=HENTH (I)
6A=Do(I)+QcLoA -(DTEMAS(1)-
1 Q)OF!'S(1))*HFNTH(I)
AA=AA*FVOL(1I) / (EMASS (I*I1)*FC(I)*FTEMP(Il))+(DTEMAS (1)

I -DOEMAS(1)) /F.ASS (1.1) *EVOL(1,l)

RPEFV0L(l,1)*RV0L(1,l)/UEMASS(l,1)*EP2(I)*ETrMPfl,1)*A 1
1-FVOL(i,1)/PCYL(1)
IF(TE.LT.?) GO TI ?0
fl) 100 1=2.IE
AA=AA+EVUL( IT)/(EMASI (1l)*FCP(I)*FTEmp(1I))*(C0(1)
I +DTEMAS(I)*-1FiTO (I) -fVEAAS(I)*HNiTH(I) -flTEMAS()
? -OEMAC.(T))*HFTH( T)) +(DIEMAtCI) -o)EMAS(T))/EMASS Cl IT)
3 *QVOL(3l )
Pp=1j+EVOg( ,)*rVn A ,T) /CE4AS(l.T)*ECP(T)
1 *FTEMP (1,!) A11) -EVOL(1 I) /CYL()

Inr) CONTINI-F

2fl) PCYL (3)=(D'CY-AA)//90
FV01.(3.1)=V0i (Io)I/(rMASS(1.1)*FCP(3)*ETEAP( i ))
I *(00(I)t+0rLD -(OTFMAS(l)

?-)OFMAS( 1)) *FNTH() )+(,'IAS)( ) )-9EMAS()))/ruAfSlc( I.*1)
3 *rqVL(Ij)(rLo(.I)*rVOL( ,)/(FFMSS(1l)*FCP(l)*FTFM(1,1)
4 *AJ))-r VOL s.1 I) /rCYL *1))*PCYL ( 3)

ETFUP(3.1)= rTF'AO( I,1) *(CD:YL(3)/POYL(I)+EVOL(3.1)/FvOL(l1l)

I -(IFA;(1 )-rflRAAC(1)) /E$ASs CI,.1))
FPASS(3.1))IF)JA(1)l-OAASCI)
F-NTrI(3.1)JFlP( 1)*FTcreP(3.)
IF(TR.IT. ) 50 TO 400
r)(,, 3r0 T=2.1I,
FVOL (3.1)=cVOI (1.I)/(rASS(1.T) *E C (I)*ETEMP (1.T))
I (Orb(I) +rIc-;Oas(1)*W4r%4TH(I) -r)r)FEaS(I)*HENTH(T) - (IrMAS(I)-

? ')rF-.1 r,( I) ) *-11- T,4(I ) I + ( I EmA (T -)- :'AS ( I) )/F'JAcq ( 1.0T )
q *FVL (lT)+(FRVOL(1.T)*r%(L(1,T)/(FMASS( I.T)*FCP(I)*ETFMP(1,T)* AJ)

4 -rvL ( I *I1) /ryL (fl) o*Cy ( )

FTFMrJ9(3.[):FTF'4O Io.!) *(O2YL (3) /PCYL (I) +FVOL (3,1) /FVOL (1 1 -
(OTEASCI-OFMAS(T) i/P SS(I1T)

FMASS(3,I) =nIFMAS (I) O-noFMAS T)
FrtTH (3,1I)1rFCP( I) *TF-/:'(3.1)

40n COMTIFII

4 .rT'n
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FImICT JON E\T (T.F,XXX)

C Tn CALCUL ATr THE rNTHALy n GAS AT LIW FSSJPE .(T<1R0o K)
C TATS9s:HilllT! mr T4; SFn Fn CALCJLATTNGr THE ENTHALPY SF INITTAL GA C
C MJSTfF THE CvLIMnOE. I"TA<" A14 ANr) Fvl-i&JST 5;45*
C IT yTs; PECOMEnGFro THAT . m A* Tq vC Pfr-pt.lAS RE lJSFJ) FOR HTflH PPFqCSJPE
C nO HTfH TrMPrPATIJPC C GohS

SAFC=14,4
1F(r.LT.9.01) 6) TO 100
AF=SAFC/E
G' TO 200

100 AF=.
?0 0 CON T INUE

IF(T-Poo.) 10910,20
)0 F iT =-fl,4671 +0.?4353*T1 -0.16460$'F-4*T**2 +0. 157984F-7
I *T**3+0.?5317?E-1*T**4 -0.179767?-13*T**S

TF(AF) 99,'q.q0
40 FNT =ENT + (14.607 -0.1263s7*T +'.76971F-3*T**2-0.5175rsP-6

1 *T**3 +0.SQ5961-10*T**4 +0.A1377F-13*T**q )/(AF+1.)
RET URN

20 F4T =11.3176 +0.19075*t +0.A376?SF-4*T**2 -o.lB?173r-7*T**3
1 +0.??3445E-11*T**4
TF(AF) 9'9.09430

3In FIT =ENT +(-4?.237? +0.199892*T +0.871219F-4*T**2 +.60r02AF-7
1 *T**3 -n.9?4QSF-1n*T**4 +n.391R 7r-14*T**S ) /(AF+1.)

99 PFTIIRN
EN)
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C******************* VrPSTIN j.O *** 5/29/14 *********************** ***

C
C SURPOUTINE HODn
C
C PURPOSE:
C TO CALCULATE THE SPECIFIC E'THALPY OF THF PRODUCTS OF HYDRO
C CARBON-ATR CO 4BIJSTTON AS A FUNCTIDN OF TEMPERATURE AND PRES
C SUPE. USING AN APPROXIMATE CORRECTION FOR DISSOCIATION.
C THE PARTIAl DERIVATIVES OF H WITH RESPECT TO TWESE VARTARLES
C ARE ALSO CALCULATEn ALONG WITH TIE GAS DENSITY AND ITS PAP
C TIAL DEDIVATIVES
C
C USAGE:
C CALL HPROD(PTPHIDELPSIENTHLP.CSURPCSJRTRHODRHODT,
C ORHOOP)
C
C DFSCRIPTION OF PARAMETERS:
C GIVEN:
C P - A9SOL1JTE PRESSURE OF PROOJCTS (ATM)
C T - TEMPERATURE OP PRODUCTS (EG K)
C PHI - EQUTVALENCF RATIO (FIJEL/A!R RATIO DIVIDED BY THE
C CHEMICALL.Y CORRECT FUEL/AIR RATIO)
C DEL - MOLAR C:H PaTIO OF THE PPIDUCTS
C PSI - MOLAR N:O PATIO OF THE PR3DUCTS
C RETURNS:
C ENTHLP- SPECIFIC ENTHALPY OF THE DRODUCTS (KCAL/G)
C CSUBP - PARTIAL OEPIVUTIVE OF ENT1LD WITH RESPECT TO T
C AT CONSTANT P (CAL/G-DES K)
C CSURT - PARTIAL DEPTVATIVE OF ENTIL.P WITH RESPECT TO P
C AT CONSTANT T (CC/G)
C RHO - DENSITY OF THE PRODUCTS (G/cr)
C DRHODT- PAPTIAL DFRIVATIVE OF RHO WITH RESPECT TO T AT
C CONSTANT P (6/OC-nEG K) I
C DRHODP- PARTIAL DEPIVATIVE OF PH!) TTH RFSPECT TO P AT
C CONSTANT T (G/CC-ATM)
C
C REMARKS:
C 1) ENTHALPY DATUM STATE IS AT T = 0 ABSOLUTE WITH
C 02,29,? GASFOUS AND C SOLID 3RAPHITE
C 2) IN CASE OF PRORILEMS CONTACT MHUE MARTIN AT 253-2411
C (ROOm 3-339 D)
C
C SUBROUTINEs AND FUNCTTON SU3PPOGRAS REQUI RED:
C DERTVSCLDPP)
C
C METHOD:
C SEE MARTIN k. EYWDOO 'APDROXIMATE RELATIONS FOR THE THFRMO-
C DYNAMIC PROPEPTTES Or HYDROCARBON-AIP COMBUSTION PPODUCTS'
C

C

C
C

SUflQOUTINE HDROD(PTPHTqDEL,PSI ,ENTILPCSJRP,CSURTRHO,0PHODT.
DRHODP.AMWTPAVGCVAVGENEQGY)

LOGICAL RICH.LFANOTUOT.NOTWRM.NOTC.D

INITIALIZE PARAMFTERS USED IN THE CACULATION

DATA AHFCO?,AHFHO.AHFCO/-93.99,-57. 103.-?7.?nn/
DATA ROVP2/.9944qF-3/
DATA TCOLO.THOT /loaf.ilOO./
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C
PICH = PHI *GE. 1.0
LFAN = *NOT. RCM
NOTHOT = T .LT. THnT
NOTCLD = T .GT. TCOLr)
NOTWR4 = *NOT. (NOTCLn .AND. NOTHOT)
EPS=(4.*DEL)/(l. + 4,*fE-)

C
C NSF SIMPLE POUTINE FOR LOW TEMPERATURE MIXES
C

IF (NOTCLO) GO TO S
CALL CLOPRO(P.T.OHI.DFL,'SIENTHLP,CSJRP,CSURTRHODRHODT,
1 DRHOODIERPAf4WT)
GO TO 30

C
C CALCULATE FrUILIRRTIIM COnJSTANTS FOP )ISSOCJATION.
C (NOTE THAT UNITS APF TNVERSE PESsUPE TO T4F 1/2 POWER)
C

S5 AKI = .39F-4 * EXP(-.3*F'S * 34000./T)
AK2 = .14E-3 * EXP(1.3*F'S + 29000./T)

C
C CALCULATE A, X, Y, AND U AS IN NOTES
C

A = ((2.- rPS + PST)/(4.*P*AKl*AKI))**(.33333333)
C

TI = 2.- EDS + PSI
T2 = 1. + 2.*Tl
T3 = EPS*A
X = A*(3.*Tl + T?*T3)/(3.*(I.+ 2.*T3)*T1 + 2.*T?*T3*T3)

C
7= (1.- PiI)/v
IF (RICH) Y = X/(1.- .64*Z + .3*7**2)
IF (LEAN) Y = X*(j.+ 7 + .36*7**2)/(1. + .36*7) - (I. - Hi)
t = (2. - -PS + PST)*(1.- 2.*FPS*X)/(4.*AK)*AK2*P*X)

C
C CALCULATE THE ENTHALPY Or FORMATION FRQ THIS APPROXIMATE
C COMPOSITTON
C

ENTFOP = iA00.*ROVP?*((117. + 30.*FPS)*Y + 135.*EPS*U)
XH20 = 2.*(1.- FDS)*DHI
TI = 7.*PST + S.*Y *
T? = PSI - 3.*Y - 1

C
IF (LEAN) GO TO 10

C
PCVT = 2. + 2.*(7. - 4.*EPS)PPHI + T1
PCVV = 4. C+ (.- 3.*FPS)*PHI + T?
XC02 = 2.- (.- FPS)*PHT
XCO = 2.*(DHT - 1.)
ENTFOR= ENITFOR - 1000.*ROVR2*13.*(P-iI -1.)/FP..

GO TO 20
C

In RCVT = 7. + (9. - A.*rPC)*PT + Ti
VV = I1. + (5.- 3.*FPS)WI + T2

Xco = 0.
XC? = FPS*P4T

C
?n ENTFOP = FEITFAO + (CC2*AHFCO? + XH?')*AHFH 0 + XCO*AHFCO)

C Ann IN TRA\SLTINAL.VICRATIONAL. AN) ROTATTONAL. TER'S TO GFT



137

C TOTAL FNTHaLPY
C

TV = (3000.- ?000.*FDC + 300.*oSI)/(1.- *5*cP5 + .09*P5T)
TV = TV/( XO(TV/T) - 1.)
AMCP (8.*EPS + 4.)*PtT + 32. + ?R.*PSI

C
ENTHLP = (POVP*(RCVT*T + RCVV*TV*?.) + ENTFOP)/AMCP

C
C CALCULATE AVERAGE MOLFCUZAR WETGHT, AND GET DENSITY BY
C USING THE OERFFCT GAS LAW
C

IF (LFAN) AMWT = AMCP/(1. + (1.- EPS)*PHI + PST + V + U)
IF (RICH) AMWT = AMCP/((?.- EPS)*PHI + PST + Y + U)
RHO = .012187*AMWT*P/T

C
C GET PARTIAL DFPTVATIVFS 3Y WAY OF A SURROUTINF CALL
C

CALL DERIVS(P,TPHIEPS,SIAXYsUAMWTCsUBPCSUTqfRHOnT,
1 RHOOP)

C
C
C IF CALCULATING FOR AN INTERMEDTATE TEMPERATURE, USE A WEIGHTED
C AVERAGE OF THF RESULTS F4OM THIS ROUTINE AND THOSE FROM THE
C SIMOLE ROUTINE
C

IF (NOTWRM) GO TO 30
C

CALL CLDPRr(PTPHIT0FL,'SI THTCPTCTTRH0TDRTTDRPTERAMWT)
W = CT - TCOLD)/(TOT - TCOLD)
W2= 1.0 - W1

C
FNTHLP = W1*ENTHLP + W2*TH
CSURP = WI*CSLIRP W?*TC'
CSURT = Wl*CSJRT + W?*TCT
RHO = Wl*R40 + W?*TPWO
OPHODT = WI*0PNOfT + W?*TDRT
DPHODP = W1*DRHODP + W2*TOR'

C
30 PAVf=P?.0S7/AP4WT

CVAVG=CSUD-le.98/AWT
ENEPGY=1000.*ENTHLP-I.94*T/AMWT

C
RETURN
END



138

C*********** ** VRPSTON 1.1 *
C
C StJPOUTINE CLOPRO
C
C PURPOSF:
C TO CALCuLATE THF SPECIFIC FN
C COMBISTTON AT TFMPFRATURES
C OF THE OPODUCT GASFS 1Y RE
C PRODUCT GAS IS ALSln CALCJI A
C DERIVATTVES 07 ROTH 07 TFSI
C PRESSURr AND TEMPEPATJRE.
C
C USAGE:
C CALL CLrPRD(PT.PH!,D:L,sT
C DRHODP,TER)
C
C DESCRIPTIO OF PARAMETEPS:
C GIVEN:
C P - ABSOLUTE PPESSURE OF
C T - TEMPERATUPF 00 PRoyt
C PHI - FOUIVALENC RATIO (F
C CHEMICALI.Y CORRECT $
C DEL - MOLAR C:H PATIO OF1
C PSI - MOLAR N:O PATIO OFI
C RETURNS:
C ENTHLP- SPECIFIC ENTHALPY OF
C CSUBP - PARTIAL DERIVATIVE (
C AT CONSTANT P (CAI
C CSUBT - PARTIAL DERIVATIVE(
C AT CONSTANT T (CC
C RHO - DENSITY OF THE MIXT(
C DRHODT- PARTIAL nFrpIVATIVE (
C CONSTANT P (G/CC-DFi
C ORHOP- PARTIAL DFRIVATIVE 4

C CONSTANT T (r/CC-AT'
C TER - FLAG, SET TOI FV)
C 2 FOR
C 0 OTHF
C
C REMARKS:
C 1) ENTRALPY AT1)M STATE IS
C 02,N2,H? GASFOIIS AND Cc
C ?) IN CASE OF PPOBLEMS CONT.
C (POOM 3-Vll 0)
C
C SUBROUTINES' AND FUNCTION SUBPRi
C
C METHOD:
C DESCRIBED IN APPENDIX IV OF

NTHALPY OF THE PRODUCTS OF HC-AI9
AND PRESSURES WHERE DISSOCIATION
IGNORED. THE DENSITY OF THE
TFD. AS ARE THE PARTIAL
F QUjwTITIES WITH RFSPECT TO

,FNTHL ,CSURDCSU8T9RH0,DRHODT,

F PRODJCTS (ATM)
UCTS ()EG K)
FIJEL/41R RATIO DIVIDED BY TwE
rUEL/AIR RATIO)
THE PRODuCTS
THE PRfDUCTS

F THF SAS (KCAL/G)
iF FNTotP WITH RESPECT
L/G-DE3 K)
nF ENTdLP WITH RESPECT
/G)
IRE (G/CC)
F RHO WITH RFSPFCT TO

G K )
OF RHO WTTH RFSPECT TO
V)

T<l00 )EG K
T> 6000 7EG <
oWISF

TO T

TO P

T AT

P AT

AT T = 0 ARSOLTF WITH
SOLID S' APHITF
ACT MI<E MARTIN AT 23-?411

OGRAVS NEEDED: NONE

WRITFJP
C
C*************** Q*********************#****************************** *

SIUPROUT INE CLOPPf(P, T,9PHIQDELo0SI,ENT1LPCURPsCSIJ9T ,PRHO,
I DPHODTDRH0DP,1RMBAP)

C
LOGICAL RICH.LFAN
DIME4C ION A(6.,6.?) .rw(A)

OIVENSION A)(36).A?(IA)
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EQUIVAt ENCF (Al(1).A(1I.1)),(A2fl) ,(1,12))
PEAL*4 MRAPK

C
C INITIALT7E PAQAMFTFRS. AND CHECK TO SEE IN WHAT TEMPERATURF
C RANGE WF ARF 10 THAT THE COPPECT rITTED COFFFICTENTS WTLL P
C USED. FLAG TE4PFRATUPES Too RIG OR TOO SMALL
C

DATA A1/l1.94033,2.0R5AR1,-0.47029,.037363-.SA9447,-97.14lR,
I 6.1390944.60783,-.9356009..0A669499..0335801.-56.625P8.
2 7.099556.1.275957,-.2p77457,..2?3s5,-.1598696.-?7.73464,
3 5.555680,1 .77191,-.?91342,.01951547,.1611P2, .76498,
4 7.865p47..6Rg3u1 .-.n31944-.oo6e70.-.?01373.-.893455,
9 6.807771.1.4S3404.-.3?9985,.A256l03b,-.1tQ946?,-.331R35/
DATA A2/4.7373o5,16.65?R3.-1 1.3249,2.q28001 .00676702.-93.75793,
7 7.809672-.?2O3519.t.41870R.-1.179013,.001436?9,-57.080o4,
8 6.97393,-.823R31902.942042,-1.176?39,.0004132409.-27.19597,
9 6.991878,.1617044.-.2192071,.296Rl9.-.01625234.-.1IMAlP,
& 6.295715.2.3A83S7,-.031479R.-.3?67433,.0043595,.103637.
- 7.092199.-i.?95825,3.?0688,-1.20??12,-.0003457939,-.013967/

C
RICH = PHI .GT. 1.0
LEAN = .NIT. RICH
EPS = 4.*OrL/(1. + 4.*DF%)
IEP = 0
IF (T .LT. 100.) IFr = I
IF (T *GT. 6000.) FR = 2
IP = 1
IF (T .LT. 500.) IR = 2

C
C GET THF COMPOSITION IN MOLES/MOLE OxYGFN
C

IF (RICH) GO TO 10
Y(1) = FPSoPHT
X(P) = ?.*(1.- EPS)*DHI
XW3) 0.
X(4) = 0.
X(S) = 1.- PHI
GO TO 20

In 7 = 1000./T
K = EXP(2.743 + 7*(-1.761 + 2*(-1.611 7*.?803)))
ALPHA = 1. - K
RETA = (2.*(1.- EPS*PHT) + <*(?.*(0HI - 1.) + FPS*DHI))
GAMMA = 2.*K*EPS*PHI*(wI - 1.)
C = ( - BETA * SORT(RFTA*BETA * 4.*A..PHA*GAMMA))/(7.*ALPHA)
X() = FPS*PHI - C
X(2) = ?.*(I. - EPS*PHT) + C
X(3) = C
X(4) = 2.*EPHI - 1.) - C
X(s) = 0.

2) X(6) = PST
C
C CONVERT COMPOSITIO TO MOLE FRACTIONS AND CALCULATF AVERAGE
C MOLECULAP WFIGHT
C

IF (LEAN) TMOLFS = 1. + SI + PHI*b(1.-rPS)
IF (RICH) TMOLFS = PSI + PHI*(2.-FPS)
00 30 J = 1.6

30 X(J) = x(J)/TVOLFS
MRAP =((A.*EPS + 4.)*PHI + 3?. + ?A.*PST)/TMOLFS

C
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C CALCILATE H. CP, A'%D CT AS TN WRITEUP. USING FITTE
C COEFFICIENTS FROM ,IANAF TABLFS

FNTHLP = 0.
CSURP = 0.
CSUPT = 0.
ST = T/1000.
00 40 J = 1.6

TH = ((( A(4,J,TP)/4.*ST + A(3JjTR)/3. )*ST

1 + A(?.JTR)/2. )OST * A(1, J.IR) )*ST
TCP = ( A(4,JTP)*ST + A(3.J,TR) )*ST

+ A(?.J.10) )*ST + A(1,JIR)
TH TH - A(5J,TO)/ST + A(6,JoIP)
TCP = TCP * A(r5J.R)/ST**?
FNTHLP FNTHLP + TH*X(J)

40 CSURP = CSURP + TCP*K(J)
ENTHLP = ENTHLP/MRAR
CSURP = CStJFP/K4IAR

C
C NOW CALCULATE RHO AN) ITS PARTTAL DERIVATIVES
C USING PEPRFECT GAS LAW
C

RHO = *012187*MqAR*P/T
DRHODT = -!Hl/T
DPHODP = R40/P

C
C ALL DONF

RETURN
END



141

SJSROUT INE DERIVS (P, T ,PHIEPSPSI, AX ,YjA MWTCSti3P,CSURT,
DRHODT~nRHOrP)

LOGICeL RICH.LFAN
DATA RQVR2/.Q9c4/
DATA SCALF/41a.?97/

PICH = PHI .GE. 1.0
LFAN = .NOT. PTCH

C3 = (llT. * 30.*EPS)*1000.
C4 = 1.35Eq*EPS
CS = 2.0 - FPS + PST
C6 = 5.0 - ?.*FPS + P.*PST

D'JDTPX = 6.3E4*1J/T**?
DUDPTX = -ii/O
DLIDXPT = -L/(X*(1. - 2.*EPS*X))

DADTP = (3.4E4*?./3.)*A/T**2
DADPT = -A/(3.*P)

AP = EPS*A
T5 = l.*C5
DXDA = T5*(T5 + ?.*C6*AP)/(TS*(1. + 2.*AP) + 2.*C6*AP**2)**2

Z7 (Is - DI/
IF (LEAN) YDX = (I. + *72*Z)/l. +.36*Z)**2
IF(RICH) DYDX = (1.- 1.?9*Z + *90*7**2)/(1.-.64*Z * .3*Z**2)**2

DYDTP = DYrX*DXDA*DADTP
DYDPT = DYOX*PX9A*DADPT
DUDTP = DUIX3T*DXDA*oADT3 * DUDTPX
DIJDPT = DUXDT*DXDA*DADPT + DUr)PTX

OHFDPT
DCDPT
DCIDPT
DHFDTP
DC2DTP
DC10TP

CI*DYnPT + C4*DJDPT
-?.*(3.*DYlT 4 DUDPT)
5.*DYoPT +43.*0JDT
Cq * DYDTP + C4*DUDTP
->.*(3.*0Y0TP * DU)TP)
5.*DYDTD + 3.*DJDT'

TVO = (3000. - 2o.*FPS + 30.*DST)/(l. -
FARG = FXP(TVO/T)
TV = TVO/(rARG - I.)
DTVDTP = TVO*FARG/(T*(EARG - l.))**2 *TVO

.5*FPS + .n*PST)

AMCP = (8.*FPS + 4.)*P4IJ + 32. + ?R.*PST
CI = 7.*PST + 5.*Y + l.*J
C2 = 2.*(PT - 3**Y - U
IF (LEAN) Cl = C) + 7. + (9. - a.*RFPS)*PHI
IF (RTCH) Cl = C + a. + 2.*(7. - 4.*EPS)*PHI
IF (LEAN) C2 = C? + 2.*(i. + (S. - 3.*FPS)*PHT)
IF (RICH) C2 = C? + .*(4. + (. - 3.*EPS)*PHI)

CSURP = ROVP2/AMCP*(C1 * T*DCJDTO + C2*DTVITP + TV*oDC?DTP
+ ONFOTO)

CSURT = PnvR2/A1MCP*(T*DClDPT * TV*CrWDT * DHFDPT)*SCALF

IF (LFA) I = 1. + (.-FDS)*PHT + PSI + Y + 
IF (RICH) ' = (P.- FOS)*DHI + PST + Y + 

000

C

C

C

C
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G = -A-iCP/r,**?
DMDTP = G*eDYDTP + OUOTP)
OMOPT = G*rnYDPT + nlJnPT)

C
DRHODT = .0121A7*P/T*(DM)TP - AMWT/T)
ORHOOP = .l2l7/T*(AvWT + P*DMDDT)

C
RETURN
END

Opp
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SIJPROUTINE INPOR
C
C I1T&YFJ POPT CiLCLATIOnm
C THIS PROGRAM WAS OPIGINALL' MAOF USING METER-KG UNT

COMMON/EPPfP/ TECHF(OO' ,EFJEL(IOO), E ANGLIO(O) ,EMWT(100),
i DHFUFL(COA),DHLOS(1n),3IEMAS(On),OOEMAS(100),
I rRGAs s(I0),ECofl0).ENtH (,ol) ,FM SS (A lfl0) ,EQDICA.l1fl)
1 EVOL(A,10).FTEMP(C,10hn)PCYL(R)
COMMON/INFLO/ NIN\FFXTNJF(20),YrMF( 0),AREINrPJNT,TTNT,INT,
F FOUINTARrINT.XINV
COMMON /STATE/ ANGLEF.ANSLEJCONOOSTEPNSTEPTE
COMMON /TIMIG/ ATNTO.AExTOAINTCAEXTC,AFUELSAFUFLE
COMMON /STATI/ RH, JLASTvNJETDHIO.F3R

C
!F(PINT-PCYL(1)) 50,SO,60

C
C INTAKE FLOW Is FPOM CYLTIMDFR TO PORT (9tC< FLtW)

Sn CTNT=-l.
RHIGH=FPGAC(C)*9.A
PHIGH=PCYL(l)*10000.
PRIN=PINT/DCYL(1)
THIGH=FTEMP(1,1)
AKHIGH=1.35
GO TO 100

C
C INTAKE FLOW Is FROM PORT TO CYLINDER
C P VALUE DOESN'T CHANGF MUCI.

6n RINT=ERGAS(l)*9.A
CINT=).
RHIGH=Q PIT
PHIGH=PCYL(I)*lOn.
PRIN=PCYL(1)/PTNT
TH1GH=TINT
AKHIGH=1.3

C
C CALCULATE THE FFFFCTIVE TNTAKE FLOW AQFA

100 ANAI=(ANGLcE-AINTD))/(ATNJT> -AINTO)
C ALL TWODIU (NINFr, XTNFF ,YINEF.ANAI ,A EFAC)
AREINT=ARETND*APrFAC
APEINT=ARE TNT/l 0000.

C
C NFXT EOUATION IS PASED ON ETE-KG LINITT

GTNT= sOPT(A3S(:.*AKHIGH*9.Q/RHIGH/THIGH
I /(AKHIGH-1.)*(DRIN**(?./AKHIGH)-PRIN**((AKHIGH+.)
? /AKHTrHh))
GINT=PHIGH*AFINT/6. /Ppm*GI NIT
GTNT=A;INT*'INT
GINT=GTNT *1000.
ARCTNT=AREINT*1noon.
RFTURM
END
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C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C.
C
C
C
C
C

DEL - MOLAR C:H PATIO OF THE PRDUUCTS
PSI - MOLAR N:O PATIO OF THE DRODUCTS
CHI - EQUIVALFNCF PATIO OF THE DRODUCTS FOR AN EDUIV

HYDPOCARRON-OKIDANT COMRIJSTITON
ENTHLP- SPFCIrIC ENTHALPY OF THE "RODUCTS (KCAL/G)
CSUBP - PARTIAL DEPIVATIVE OF ENT-ILP WITH RESPECT TO T

AT CONSTANT P (CAL/G-nF3 <)
CSUBT - PARTIAL DERIvATIVE OF ENTtLP WITH RESPECT TO P

AT CONSTANT T (CC/Al)
RHO - DENSITY OF THE PRODICTS (G/CC)
ORHODT- PAOTIAt. ORPIVATIVE OF RHO WITH qESPFCT TO T AT

CONST NT P (G/CC-OFG <)
DRHODP- 0 ARTIAL DEPIVATIVE OF RHO WITH RESPECT TO P AT

CONSTANT T (G/CC-ATM)
?TURNS IN COMMON APRA CMPSTN:
X(l) - CAPRON DIoXIDE MOLF FRACTION
X(2) - WATFRP VAPOR MOLE FPACTTON
X(3) - CAPRON pON0x1)E IOLF FRACTION
X(4) - HYDROGEN MOLF FRACTTON
X(5) - OXYGEN MOLF FRACTION
X(6) - NTT)O'EN MOLE FRACTION
X(7) - FUEL MOLE FRACTION

ALFNT

UPRP
UPRP
UPRP
UPPp
UPRP
UPRP
UPRP
UPRP
UPRP
UPRP
UPRP
IjPRP
UPRP
IPRP

UPRP

UPRP
UPRP
,PRD

UPRP
UPoP

RE

C

I

r

dIRPOUT INE UPPOP uPRP
I1PRP

)URPOSE:tlPzP
TO CALCULATE THE ENTHALPY AND DFNSITY Or A HOMOGENOIJS MIXTURF UPRP
OF AIR, PrSTIIAL GAS., AND FUEL AS A FINCTION OF UPRP
EQUIVALFNCE RATIO, TE9PERATURE, AJL PREssURE UPRP

',PRP
)SAGE: PRP

CALL UPcOP(PTPHI.orL.PSIEFSFRENTHLDCSUP.CSUTPHOo, UPRP
DRHoDTDRHO)PrHI) UP PP

UPRP
ESCRIPTIOj OF PARAMETERS: oPQP
GIVEN: IPRP

P - ABSOLUTE PESSURE OF PRODJCTS (ATM) 1IPRP
T - TEMPEPATURF 0 PRODICTS (DEG K) UPRP
PESFRK- RESIDUAL GAS 'RACTION uPRP
PHI - EQIIVALENCE PATIO (FUEL/AIR RATIO DIVIDED 9Y TwE UPRP

CHFMICALIY CORPECT FUEL /AIR RATIO) tP;P
GIVEN IN COMMON AREA /FJEL/: UPRP

AFCI) - A OTMENSIONAL VECTOR OF ENTHALPY COEFFICIENTS cUCH UPRP
THAT THF ENTHALPY OF FUEL VAPOR AS A FUNCTTON oPRP
OF TEMPERATURE ( T DEG K ) IS GIVEN RY: UPRP

H(T) = AF(1)*ST + (AF(2)*ST**?)/? + (AF(3)*ST**3)/3 UPQP
+ (Ar(4)*ST**4)/4 - AF(5)/ST + AF(6) UPRP

WHEPE ST = T/1000 AND H(T) = <KCAL/MOLE> uPRP
FOR MOST APOLICATIONS THE ENTHALPY FUNCTION H(T) SHOILOUPRP
BE VALID OVER AT LEAST THE FOLLOWING TEMPERATURE RANGE:UPRP

300 < T < oOl UP P
ENTHALPY DATUM STATF IS AT T = 0 ARSOLUTE WITH 02,N2. UPRP
AND HP GASFOJS AND C SOL73 GRAPHITF. UPRP

ENW - AVEPAGE NUk'BFRO Q NTTROGFJ ATOMS PEP FUPL MOLECULE uPRP
CX - AVFAGE tJU;FR Or CAPRON aToMS DER FUEL MOLECUW E UPRP
HY - AVERAGE NIU8mF OF HYDROGEN ATOMS PER FUEL MOLECULE UPP
OZ - AVEPAGE NUHE4 O OXYGFN AfOMS PER FUEL MOLECUIE IPRP
OLOWER- LOWFR HFATTNG VALUE (<CAL/G) PRP
xi - MOLAR N:O PATIO OF THE OXIDANT (FOR AIR XI = 3.76) UPRp

RPRP
PETUPNS: oPRP

30
40
51
60
70
go
90

Ion
110
120
130
140
150
160
170
lAO
190
2on
210
220
230

240
250
260
270
2q0
290
300
310
320
330

340
350
3$fl
370
390
400
410
420
430
440
450
460
470
480
490

n
510
520
530

540
550

570

590
600

610
620
630
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C MBAP - MOLFCULAP WET3HT OF UNRUPJEO MIXTUPE
C
C REMARKS:
C 1) FNTALPY DATUM STATE IS AT T = 0 ABSnLUTE WITH
C 02,42,H? CASFOuLS AND C SOLID 3RAPHITF
C 2) THIS IS A MODIFIE) VEPSION OF MIKF ARTIN'S SURPOUTTNF
C PRoP. IN CASF Or PRORLF4S CONTACT COLIN FrRGUSON AT
C 253-5348 (RnnM 31-158)

C SUBROUTINES AND FUNCTTON SU3PROGRA-AS NEEDED: NONE
C
C METHOD:
C DESCPIBD IN APPFNOIX A OF HIRES ET AL' SAE PAPER 4 760161
C

SURROUTINE LPPOP(PTPHI .DELPSI 9RES~r<,ENTHLPCSURPoCSURTPHO,
C DRHDDTORHODPCHI,PAVSZVAVG)

')PPp
IIPRP
UPRP
UPRP
uPRP
UPRP
LIPRP
oPRP
UPRP
uPRP
IPRP

UPRP
IIPRP

UPRP

0%40
650
660
670
680
690
7nn
710
720
730
740
750
760
770
780
790

COMMON /FUrL/ AF(6),FNW,CX,jY,0Z,0LOAER UPRP A10
LOGICAL RICH.LFAN IIPRP A20
DIMENSION 6(6,7,) t(PRP 830
DIMENSION Al(4?),A2(4?).TABLE(7) pPRP A40
EQUIVALENCE (Al(1),A(U,1'1)),(A2(1),A(1,1,2)) jPRP 850
PEAL*4 M9APK tPRP 860
COMMON /0OANT/ XI /CMPSTN/ X(7),MRAR UPRP A70

tjPRP A80
INITIALT7E PARAMETFRS* AND CHECK TO SEE IN WHAT TEMPERATURF UPRP 890
RANGE WE APF SO THAT THE COOPECT rI TED COFFFICIENTS WTLL RE UPRP QO4

USED. FLAG TEMPERATUPES TOO RIG OR TOO SMALL UPRP 910
ijPRP 920

DATA A1/11.94033.?.0RA5P1-0.47029,.037363.-.589447,-97.1418, PRP 930
1 6.139094,4.6078 1 -. Q356009, 6.6949 E-r12.. 033801,-56.625RA , uPRP 940
2 7.099556.1.275957,-.277457,.0??356.-.159A696.-?7.73464. j;PRP 950
3 5.553680.!.787191.-.?881342.1.951547r-02,.16 11 8?R, *76498. iPRP 960
4 7.865847. .683719.-.031944,-?.6A70t16-03-.201 3873,-. 893455, uPRP 970
q 6.807771,1.4j34j4-.3PB985,2.561035E-024-.l189462,.33A35, jPRP 980
6 6*0.0/ 'iPRP 990
DATA A2/4.737305,16.6S2P3,-ll.?3249,?.R28001.6.76702-03,-93.7793tPPP1000
7 ,7.809672.-.?023519,3.41870A.-1.179013,1.43629F-03.-57.09004, JPRPl0l0
8 6u97393.-.8?3R3192.942042.-1.176?39,4.l3?409F-04,-?7.)Q597, IPRP1020
9 6.991878..1617044.-.21B2071*.29AA197.-1.5?5234E-02,-.118189, IPRP1030
& 6.295715.2.3A83A7.-.0314788,-.3267433,4.35925F-03,.103637, IPRP1040
- 7.092199,-1.295825,3.20688,-1.20??12,-3 .4S7938E-04,-.013967. 1PRP1050
% 6*0.0/ IIPRP1 060
DATA TABLE /-1.91&.o.,-1.90.,0.90./ UPRP1070

tPRP1080
ENTER INTO ARRAYS Al AND A2 THE FJEL PARAMETERS UPRP1090

OPRP1I100
O 5 1=1,6 tPRP1110
Al(I + 36)=AF(T) jPPPJ120
A2(I + 36)=AF(T) IPRP1130
RICH = PHI .GT. 1.0 PRP1140
LEAN = .NDT. RICH iPRPl150
w = ENW/CX jIPPPlI160
7 = OZ/CX PRP1170
DEL = CX/HY 'ePRPl 180
EPS = 4.*DFL/(1. + 4.*DEU - 2.*DEL*7) uPRP1 190
IF = 0 PRP1200
IF (T .LT. 100.) IEP J IPIP1210
IF (T .GT. 6000.) IFP = 2 IIPPPI220
IP = I IPPPI230
IF (T .LT. o5Q.) IP = 2 IPPP240

C
C
C
C
C

C
C
C

5

C
C
C
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C
C
c

C
C
C
C

C
C
C
C

4n

I

jpQpj2q0
GET THE COMPOSITION T4 MOLFS/4OLE OXYGEe OF OXIDANT UPP1260

lIjPRPI270
PCTPES = RFSFRK t)PRP12A0
PCTNEW = 1.0 - RESFOK IJPRP12o
IF (RICH) 0 TO 10 iIPRP1300
XCI) = EPS*PHI*PCTRFS iPQP1310
X(2) = (2.*(1. - EPS) + EPS*7)*PHI*PCTPES IPRP1320
X(3) = a. ii9R1330
X(4) = 0. UPRP1340
X(9) = (1. - PHI)*PCTOES + CTNEW tiPRP1350
DCDT = 0. UPRP1360
GO TO 20 jPRP1370

0 7T = 1000./T UPRP13R0
K = EXP(2.743 + 7T*(-1.761 + 7T*(-1.611 + 7T*.2903))) IPRP1 39
DKDT = -K*7T*(-1.761 + 7T*(-3.??2 + 7T*.9409))/T iPRPl400
ALPHA= 1.n - K)PRPI41n
AFTA= ?.(I.- EPS*PHT) + K*(2.*(PHI - I.) + EPS*PHI) uPRP142O
BETA = RETA + FPS*PHI*7 UPRP1430
GAMMA = 2.*K*FPS*PHI*(PHI - 1.) iiPRP144O
C = (-BETA + SORT(RFTA*RETA + 4.*ALPIA*GAM4A))/(2.*ALPHA) IPRP1450
DCDT = -DKfT*(C*C + (?.*(PHI - 1) EPS*P-ir)*C - GAMMA/K) tiPRP146
DCOT = OCDT/(?.*ALPHA*C + BETA) tPRP1470
X(I) = (EPS*PHT - C)*PCTRES UPRP1480
X(2) = (2.o*(1. - FPS*PHI) + FPS*PHT*Z + C)*PCTRES UPRP1490
X(3) = C*PTRES ijPRPI500
XC4) = (2.n*(PHI - 1.) - C)*PCTRES UPRPlS1O
X(S) = PCT"EW tiPRP15200 X(6) = XI + EPS*0HT*W/2.*PCTRFS UPRP1530
X(7) = PCT"EW * FPS*PHI/CX IPRP1540

IjPRP1550
CONVERT COMPOCITION TD M3LF FRACTIOJS AN CALCULATE AVFRAGE UPRp1%s0
MOLECULAR WFIGHT JPRPIS70

uPQPsAO
IF (LEAN) TMOLFS = X+ + (1. + FPS*DHI/CX)*aCTNEW UPRppSlQ

+ + (1. + (1.- FQS)*PHI + EPS*PHI*(7 + W/2.))*PCTRESUPRP1600
IF (RICH) TMOLES = X + (1. + EPS*PHI/CX)*DCTNEW UPRPISAJ

4 4 (C?. - EPS)*PHI + Eo S*P*(7 + W/?.))*PCTRFS uPRP16Z0
00 30 J = 1.7 uPRP163n

n X(J) = X(J)/TMOLrS uPRP1640
MBAP = EPS*0HI*(12. + 1./DEL + 16.*7 + 14.*W) + 32. + 28.*X1 IPRP16n
MBAP = MBAQ/TMOLIFS UPRP166

(JPRP1670
CALCULATE H. CP. AND CT AS TN WRITEUPe USING FTTTEO UP P16A0
COEFFICTFNT rOOM .ANAF TAFLFS IPRP P1690

UPRPl700FNTHLP = 0. 7PRPI7l
CSUPP = 0. )PRP1720
CSU9T = 0. PRP1 730
ST = T/1000. uPRPI740
DO 40 J = 1.7 Jpq 790

TH ((( A(4,J, IP)/4.*ST + A(3,J,R)/3. )*ST IJPRP176O
+ 8(C?,.T0)/2.)*ST + A(J.() )*ST uPQP1776

TCP = cc A(4.J.PTP)*ST A(3.J.TR) )*ST IP9P1780
+ A(?, J.TP))*rT + A(lqJ.TP) uPaPI790

TH = TH - A(S.J.TR)/ST + A(6,JTR) Upap180n
TCP = TCP + A(5.JIP)/ST**? UPRPI1O1
FNJHLP = FNTHLP + TH*X(J) jPRPJ 20
CSURP = CSU4P + TCP*X(J)+ n.*TH*JCDT*PCTJE*TA81.E(J) UPRP1$3n

ENTHLP = E JTHLP/mAAP iiPRPlA

31
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CStJPP = CStRP/MRAP PRPA50
c UPRP 1860
C NOW CALrtJLATE RHO AND ITS PARTIAL DERIVATIVES UPRP1A7O
C USING PFRFFCT GAS tAW UppPlAAn
C ,,pqpj Fe9

RHO = .l121A7*MRAR*P/T UPRP19nn
OPHODT = -PHO/T tePQP19 n
DRHODP = RHO/P opRp) 9O

C UPRP1P30
C CALCULATE PMl AND CHT FOR PIJRNED SASES UPQP194O
C UPRP145O

PSI = (XI EPS*DHT*W/2.)/(1. + EPS*Z*DHI/2.) IJPRP14O6
CHI = PHI*(1. * EPS*7/2.)/(1. *+ EPS*Z*DHI/2.) uPRP1970

C
C

RAVG=82.057/MRAR
CVAVG=CSU8-1 .Q8/MRAP

C 'sPQP I 9R0
C ALL DONF UPRPI)99n

RETURN PRppOon
EN D 11R0201
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SURPOUTINE FQIR(TTTTPP0'.PlTC,TFLAG,2)
C
C VAQIARLES LIST
C

PEAL*8 DPPATMOPTEMPfnEo8,XmIrP
DIMENSION rFOIR(4),xMnFO(14),YMOFrP(14),Z(5)

C CAL CULATE PAT IrS OF H/CN/C,3/C ANn C/C M4ERE C=1.
TFMP=TTTT
PA TM=PPPP
SLB=15.1
ERUPN=I./P4TC
IF(TEMP.LT.lR00.) GO TO 101
IFLAG=0
WHY= (12.*SLR -137.4) /(-St 3+.25*137.4)
XWHY=1.+.2q*WHY
DFOI4(1)=WHY
DEO1B (2) =1.
DEQIB(4)=2.*XWHY*ERiIPM
DE018(3)=3.764*0EQIR(4)

C
C CALCULATE N AN') NO FIR. AND EQ19. MOLEF2ACTTONS

DPPATM=PATM
DPTEMP=TEMD
CALL PTCHEm(DPTEMP.OPPAT41DEOTRXMOFR 1SENT)
DO 100 1=1.14
YMOFR(I)=XMOFR(I)

100 CON T INUF
GO TO 103

101 IFLAG=1
no 102 J=1.14

102 YMOFR(J)=0.
103 7(1)=YMOFR(?)

7 (2) =YMOFR (S)
Z(3)=YMOFR8)
7(4)=YMOFR(9)
7(5)=YMOFR(14)
PFTURN
EN)
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SURPOUTTINE ONODT(TTTT .P0P, TOTMOL .7MDFb!FLAGK NOS')
C
C VAOTA'LE LIST
C
C
C F FINAL EVALUiATION nF P.H.SIDE PATE EUATION
C W*XqYoZ DIJMm4Y VAQTA3LES
C VOL VOLuME OF E.EMENT
C XNO AMOUNT OF NITRIC OXIDE
C RCIF RATE CONSTANT FOR FjRST RrACTTONFORWARD
C RC1P PATE CONSTANT FOP FIPST 4EACTTON.RFVESE
C PC21 PATE CONSTANT FOP SECON) PEACTTONFOPWAPD
C RCR RATF CONSTANT FOP SECON)NFACTTONREVEqSE
C TEMP TEMPEPATIJRF OF EL EMENT
C PTEMP RECIPROCAL OF TEMP
C

DIMENSION 7MOFP(S)
TFMP=TTTT
PA TM=PPPP
VOL=82.06*TEMP*TOTMOL/PATM
IF(TEMP.LT.1800.) GO TO 2000
IF(IFLAG.GT.0) GO TO ?000
IF(TOTMOL.LF.0.) GO TO 200o

C 4.COMPUTE RATE CONSTANTS (7UNCTIONS OF TEMPERATURF ONLY)
RTEMP=1.98;7*TFMD
RC1F=7.6E+13*EXP(-75460./RTEMP)
RC1R=I.6E+13
RC2F=6.4E+n9*FXP(-6?S. /RTEMP)*TEMP
RC2R=.5E+n9*EXP(-3A7?0./RTEMP)*TFUP
RCOH=4. 1F+13

C
TMOLNO=7MOrR(4)*TOTM
TMOLN=7MOFP(3)*TOTMOL
XMOLCO=7MO7P (1)

C S.CALCULATE nNO/OThF(VO.,T EMPPATMeERURN,ZMOrR,XNO)
7R=RC1R*?MOFR(4)
WP=PC2F*ZMOFR(S)+RCOH*7%4FR(2)
CAPL=?R/WR
ALPHA=XNO/TMOLNO

C
TERM1=2.*Rr1R*TMOLN*TMOLNO/VOL*(. -A-PHA*ALPHA)
TERM2=1.+ALPHA*CAPL
F=TFRM1/TE'M2

C
GO TO 3000

2000 F=0.
3000 CONTINUE

RETURN
END
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SURPOUTINE PTCHFt4 ( TAP. PRS, r, XMOR, ISENT ) 0001370
C 00001380
C n0001390
C THE ORIGINAL MTT EOUI.IRRIU4 PTCHF'4 SURROUTTNE HAS rBEFN RFDCE A 00001400
C ANir IS DESTGNED TO PPOCFSS 4 FLEMENTS 'k 14 SPFCIES 00001410
C 00001420
C ARRAY 0 CONTAINS RATIOS OF ELEMENTS i C9 N, o0 RESDECTIVEI Y: n0001430
C nonol440
C E.G., DATA 0 / 1.43. 1.0, 13.0. 3.46 / 00001450
C n0001460
C 60001470
C ARRAY XMOFO CONTAINS MOLE FRACTIONS OF EACH SPECIFS: 00001480
C SYMBOLS OF EACH SPECIFS 1 TO 14 (HEX'E') AE AS FOLLOWS: n0001490
C 00001500
C 0 'HC0 '. 'CO ', 'C0? ', to 'OH t, 'H? t. n0001510
C 1 'QH20 9 'N to 'No '"02 ', 'N2 o 'NO ,. 00001520
C ? o00 'n ' / 60001530
C 00001540
C 00001S50
C INPUT: c DOUBLE PREC. ) 0001560
C 00001570
C TMP = TEMPERATURE C DEGPFFS K ) 00001S0R
C PRS = PESSkRF ( ATMOSPHERES ) 0001590
C D = ARPAYC4) ( PATIO. 4 ELEMENTS ) 0001400
C 00001610
C OUTPUT: DmuBLE PRFC. ) 00001620
C 00001630
C XMOFR = ARPAY(14) ( MOLE FRACTIONS, 14 SPECIFS ) 00001640
C ISENT = ERROR COFE: 00001650
C 0=NO FRROR nOO01660
C I = TEMP TOO HIGH 00001670
C 2 = TEMP TOO LOW 00001MG0
C 3 = C UNNJCEn ) 00001690
C 4 = TOO MANY ITEPATIONS, PFSUETS DOURTFUL, LOOK UP NU 000170f
C S = TOO MANY ITERATIONS o0001710
C 6 = THERE ARE S0 3ASES PRESENT nOO01720
C 7 = CHFCK IF THERE ARE FNOUGH S0 ECIES A.000173A
C A = TOO MANY TPIFS FOR T n0001740
C 00001750
C AUTHOR: DAN DANT7FP LATEST REVISION 1?/14/72 n0001760
C ADAPTED FOP USE WITH HOCIEM 9Y TOM 1IKUSI CURRENT TO 5/23/74 00001770
C o0001780
C n0001790

IMPLICIT RrAL*CA(-HiO-7) 00001R00
C 00001910

EOUIVALENCr ( ITOTSP, ) 00001P20
EhJIVALENCr ( ITOTSP, '1 ) 00001A30
EOIIVALFNCF C NELEM , N ) 00001940
EQUIVALENCE (I(1). CMN(1) ) 0000P90

C 00001860
DIMENSION '(1). XMOFP(1) n0001870
DIMENSION A(4.14), 7L(1498) 0000149n

DIMFNSION 7Ll(6)t 7LP(56) 00001890
DIMENSION <P(?) 00001 0f0
O!MFNSION PTP(S) 00001910

00001920
C FOLLOWING ARRAYS APF 'NELE4' IN SE7 00001930
C 00001440

DIMENSION l(4), XMU(C). XNJ(4), F(4)9 F(4,4) 00OlqS0
C 00001960
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-C
C'

C
C
C

C

C
C
C
C
C

C

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

/
I 9.3434439D no. 2.95121960 oo.-6.7o883660-01.
I -4.1140777f-n19-6.99n 3 4 94) 00. 6.23955540 oh.
? 7.099564e 00, 1.20?9q"2O 00.-2.aR7747440-oI,
? -1.59869550-01.-2.Po?36360 ). S.49237000 01,
3 1.19403310 Al. 2.ORRS1AD no.-4.70292030-oI.
3 -5.894476R0-nj.-9.946w7960 01. 6.??071600 01.

4.967999R0 0O,-5.96787160-13, 1.93457190-13,
-7.419493f-14, 5.o619?170 01. 3.34044190 01.
5.61978150 0n0 l.96AR4460 00.-3.A64517AD-o1.
1.34lR68no-n1, 8.09235290 004 5,07774050 01,
5.55568030 00, 1.7R71914) 00.-2.R134160-01.
1.61182700-o1,-1.?5901990 on. 3.1260530 01,
6.13909440 00. 4.6078910 on.-9.39500940-01,
3.358009R0-2.-5.n6Q7P560 01. 5.1456772) 01,.

DATA 71-2 /
5.163?021f 00,-1.RA774R7D-Ol 3.69?loo6O-02,.

I -3.271315An-o?, 1,1114157D 0?. 4.?7330660 01.
7.51806240 00. 1.0?452090 oo,-2.30537350-01,

-1.936954V)-nl, 1.8756P210 Oh 5.83182960 01.

5.09019420-02.
2.3009987D 00.
2.23561 230-02.
1.2R9o5 00,.
3.73631160-02
2.3?699499 00,

-1 .87321951-14.
1.0119?50 00.
P.73645150-02,
2.0489998D 00.
1.951 5470D-029
2.0239A30 00,
6. 66949750-02
3.0619965 00 /

3.62411050-03,
1e0359793l 00,
1.79266710-02
2.07299710 00.

FOLLOWING A2PAYS APE 'NELEM' +2 = *IXNSLO

OIMFNSION (6), G(6.A)

FOLLOWING APPAYS APP 'TTOTSP'

DIMENSION C N(14). CP(14), CPT(14), X(14), XMAX(14)
DIMENSION ORT(14). 9(14), C(14)
DIMENSION vHOPT(14)

COMMON / HaPT / HOPTSMSMDHDTXMU.RT'SUMNI

NSAME = INITIALTATTN rLAG
NFLEM = No OF ELEMENTS INVOLVED
ITOTSP = TOTAL NQ OF SPECIES INVOLVF3

DATA NSAME / 0 /
nATA NELEM / 4 /
DATA INXNSI / 6 /
DATA ITOTSP / 14 /

DATA DDXNtJ.EF / 2R*0.O)0 /
DATA P. 6 / 4? * 0.000 /
DATA A. CP. CPT, X. X4AX / 112 * 0.000 /

CMN IS NOT INTTIALI7En WHEN IT LIES WITIIN APRAY G

ARRAY ZL(K.J) CONTAINS THE HI-TEMD DATA FIR EACH OF 14 SPECIES

K = SPErIES ND ( I - 14 )
J = DATA C I - A EACH SECT FS

DATA WAS TAKEN FPOM 0PGINAL DATA SET ( CAqoS). APRANGED TN
POWCOL (l4,P), RUT IATA STATEMENT INTFRNALLY STO'FS
Y COLROW: THEPEFORr, DATA MUST R: REVERSED FOR PROG EYFC.
OPIGINAL DATA ARfANGMFNT PiAINTAINEO :0 CONVENIENCE IN MAKING
CHANGES TO SFCIES DATA.

NR OF CONTTNUATION CAPDC LIMITED TO 19
CONTINUATION C1 #A CONTAINS THE HEXIDECIMAL SPECIES NO

00001970
00001980
n0001990
0002?000
n0007010
0000?020
00002030
f000?040
0000?050
00002060
0000?070
0000?00
00002090
0000?10A
fl000?1l0
0000 2120
00002130
00002140
o0O02ISO
00002160
nOOO?1 70
00002180
o0002 190
00002200
o0002?10
00 002220
00002230
6000 0240
no002250
00002260
0000270
00007210
0000?290
n000?2300
00002310
00002320
0.00 02330
00002340
n002350
n000 360
oooO2370
nO0023R0
00002390
nO002400

nOoo?4l0
01000?410

00002420
0000 2430
00002440
00002450
00002460

nono;1470

00002480
00002490
n0002500
00002510
00002520
0000?530
00002540
00002550
00002560

DATA 711

4
4C

C

E
V

I

7p

7E

4;

4;
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A
A

R
C

0

E
F

1.21232A2fl l, 1.?5A4093l on.-3.011?P96D-o1, 2.3658749f-O?,
-6.22562800-01, ?.3R39598Q 00 6.4RA10959D Al, 3.1109QA2D 00,
6.807769p0 00, 1.45340350 OO,-3.2?98575o-n1. ?.5610346-0?,

-1.189461Qf-f1-?.4n3a3530 on. 5.3165161Di 01 .07199A6D 00,
1.23659610 019 1.7?A1782D 0O.-4.oS2846-01, 3.141R4359-0?,

-5.81?0877n-01, 1*41A5qi0 01. 6.4331467T 01, 3.1099997D 00,
5.1o630P o,-1.s177220-o1, 4.895313AD-0?,-7.8q143s2o-03 ,A.929941R-le03. 540AQ48RO 01. 4.47525480 01. 1.O379944Q 00,
7.8658457n no, 6.AA7l9OD-Ol.-3.19441000-02,-2.687OR17D-03,
-2.013872Qn-o1,-2.96R444o 00. 5.74246370 01. 2.07499R9D 00 /

IF(NSAME)2000.?000,2o4
2000 NSAME=I

AP=1.987260
ITMAX 500
ITW = 400

IF = 1S.0orO
DIF = DIF
T = 1.OnO
TLUB = 6000.

XN=N
TOLl = .019O
TOL3 = .Onolno
TOLtS= 1.fl-5
TOLA = .lDn
TOL7 = 10.000

ARRAY A(I,<) CONTAINS NR OF ATOMS PER ELEMENT ( IN SPFCIES )

I = ELEMENTS H. C.
K = SPECIES N4

N, 0 RESPECTIVELY

A ( I1)=I1.
A (14)
A(1,5) = 1.
A(1,6) = 2.
A(1,7) = 2
A(2,1) = 1.o
A(2,2) = 1.
A(2,3) = 1.
A(3,8) = 1.
A(3v ) = 1
A(3910)= 1.6
A3.11 )= 2.
A(3,12)= 2.
A(4o1) = 10
A(4,2) = 1.
A(4,3) = 2*
A(4,5) = 0
A(4,7) = 16
A(4.9) = 1.
A(4.10)= 2
A(4.1)= 1.
A(4,13)= 1.
A(4,14)= 2,

LOAD DATA TNTO SDFCTFS APAY 7L

C
C
C

C
C
C

C
Cc

00002570
00002590
00002590
000 0?"0l
00002610
00002620
00002630
60002640
00002650
0000?660
00002670
f000?ASR
00002690
00002700
00002710
o000720
n0002730
00002740
00002750
0000?760
600?770
00002780
0000?790
nowoopo
fl000220040000pq1o

00002R30
00002840
00002850
0000?860
00002670

0000?R80

0000?9()

0000?910
noDO?92D

0000?930
00002940
n0002950
00002960
00002970
00002940
nnoo?1990
000 090

00003010
00003020
60003030
00003040
00003050
00003060
00003070
00003080
no039
00003100
00003i10
00003120
00003130
00003140
00003150
00003160

C
C
C
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C

C
C
C

TI = 0
00 1050 K = 197

1 = K + 7

DO 1050 J = 1. A
TI = II + 1
ZL(K9J) = 7L1(TT)

1050 ?L(l.J) = 7L2(rT)
00 3010 1 = 1,N
XML(I) = 0.0

3010 CONTINUF
C
C
C END OF ONE-TIMR INITIALIZATION
C
?004 IF ( TMP - 200.0 ) 211?' 211?, 235S
2355 CONTINUE

IF ( T!4P - TLUR ) 201?. 2012, 2009
?009 ISENT=1

GO TO 5000
2112 ISENT=2

60 TO 5000
201? CONTINUE

TK = TMP / 1.nf+3
XLP = DLOG ( PPS

START OF OPIGINAL 'HS' SJBROUTTNE

DO 5004 KlO =19 M
IF ( 7L(K1O,1) ) 5003, 5002, 5003

500 HOPT(K10), = 0.lllllllln o
SR (K10) = -1.0r)6
GO TO 5004

5003 HOPT(K10)- :(((( ZL(<I4') * TK / 4).0 + ZL'(K1O,3) / 3.00 ) *
1 TK + ZLVCl,2) / ?.rl ) * TK + 'L(K1Ol) ) * TK -
2 ZL(K10,5) / TK + 7L(<1,s6) ) / ( 49 * TK
SR(K10) = ( 7L(K10q1) * )LOG(TK) + T< * C 7L(K102) +
1 7L(KO1,3) * 0.500 * 1< + 7L(K10,4) * TK **? / 3.00 ) -
2 7L(K10,5) * C.500 / T 2 * 7L(<10,7) ) / AR

5004 C(K1O) = HIRT(10) - 59((10) + XLP

END OF ORIGTNAL 'HS' SURROUTTNF

I SENT- =
ITER=o

ITTPDG=0
TOL4 = 0.110
YMAX = 0.

DO 412 J=1,91
XMAX(J) = 1.0010
00 412 Ii=P.
IF (A(IJ)) 412,4l1,413

413 IF (C(i)/A(I,J) -xMAX(J)) 4149412,412
414 XMAX(J)= n(T)/4(T.J)
41? CONTINUE

X)0=0.ODO
00 90 1=,N

90 XO=XO+n(tT)
AVD = xO / XN

Y0=0.0 no
00 93 J=1,q

00003170

nonoli 0
n0003190
00003200
fl0flO32 10
00003220
60003230
00003240
60003250
00003260
00003270
90003280
00003290
(00033300
00003310
00003320
0003330
00003340
A0003350
00003360
00003370
00003380
00003390
60003400
no0041 0
00003420
00003430
00003440
00003450
00003460
00003470
00003480
00003490
0000 3500
00003510
00003520
no0o3530
00003540
0003550
00003560
00003570
00003580
00003590
00003600

00003"1300000350
00 003630
00003640
noon 3650

00003670

60003710
00003720
00003730
00003740
n0003750
00003760
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vi Y=Y+ YMAXCJ)
X0= DMIN1(xOnvn)

X0=X0*1.0500
DO 825 J=19Ml

825 XMAX(j)=xMAX(J)*1.05D0

CAUTION*** ASS'IMPTION: THAT EACH ELEMENT MOLE
THE SUM OF THF PATTOS WTLL 3E GEATE' THAN 0.01:
IF = OR < 0.01. THEN MUST USE FOLLOWING ROJTINF:
I.E.9 REMOvE THE 'C' roM1ENT FPOM CO.. I FROM HERE

FROM LARFL 503 TO 479
NOTE: ARRAY K? IS DIMENSIONED (2)

PATIO DIVIDED

TO LABEL 530

C SUM IS NOT DEFINED IN ORTGTNAL PROGRAM
SUM = 0.0
00 525 1 = 14N

525 SUM = SUM + D(l)
C

5?7

5?6

529
530

LI=0
NG05=I

RATIO = .0100
DO 526 T=1IN
IF (D(T)/SUM - PATIO
L1=Ll+l
K2(LT) =T

CONTINUE
NL= LI
IF (NL) 528,528,529
NGOS =1
GO TO 530
NGO5=2

CONT I %JEw

527,527,526

ITFR4=0
NG06=1
RH2=1 .nD0

END OF ENTPY INITIALI7ATION F CHECKING OF TEMPERATURE

REGINNING OF MAIN DROGRAM OOP

99 NriO=1I
ITFR2=n

IF (ITED - 1) 473,473,474
474 RH2=DSORT(H?)

RH2=DMIN1(H2,1.000)
473 NG01=1

00 101 J=10m1
SUM= C(Ji)

DO 1002 T=1.N
100? SUt=SUM+ XMU(T)*A(TJ)
101 CP(J)= SLM

00 1012 J=1941
101? CPT(J)= CP(J)

00 1001 T=1*N
1001 90(1)= D(T)

Li= 0
SUMEX=0. 000
DO 10? J=1,H

C
C
C
C
C
C
C
C

nOnO3770
nOO3780
00003790
f00O380
00003R1 0

Fly f0fl3830

F 00003860
00003870
40001880
0000 3890
0063900

l000310
i00039?0
00003930
00003940
60003950
90003960
60003970
00001980
60003990
00004000
00004010
00004020
60004030
60004040
0000405;
00004060
60004070
60004040
00004090
00004100
60004111)
00004120
00004130
00004140
00004150
00004160
00004170
00004140

00004200
00004210
60004220
60004230
60004240
60004250
00004260
00004270
00004280
60004?I0
00004300
60004310
00004320
00004330
00004340
00004390
00004360

C
C

C
C
C
C
C
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4?

lo p

103

JI 
IF (L:T(J)+ 30,000) 420,4?0o 421

XJ=DEXP(-CDT(J))
SUMPX=SIlMFX+XJ

X(J)=XJ
!F (SIIMFX-1.0flO-T0L1*R4?) 103.103,107

IF(SUMEx-!.D0+TOLl*P12) 112.104,104
104 Ll=1

00 106 1:lc J
SUM=0.0

00 105 J=1. 
105 SUM=SUM+ A(Tj)*X(J)
106 F(I1)=SIm

YMAX X0
GO TO 1?3

4?0 CPT1 = CPT(JI)
0') 423 .1.4
j1I= J
CPT2 = CPT(J)-CPTJ
IF C-PT2 +30.000) 420,420,422

422 X(J) =DEXPt-CPT2)
4?3 CONTTNUE
107 SUM=0.00o

00 416 J=1,4
416 SUM= SUM+ X(CI)

SUM= X0/sUM
DO 108 J= 1.'4

10A X(J) =X (.j) *S14
no 109 T=l,N
SUM= 00()
DO 11o J=1.

110 SUM = SUM -A(T.j)*X(J)
I nt) 0T()= SLIM

60 TO 123
112 DO 113 J=1,m
113 X(J)= 0.000
123 L=Ll

C
C L=0 OR 1 ONLY
C

IF (L) 1319131. ?on
131 DO 13? T=1,N
13? XNU(Y) =-OD(T)

GO TO P3
430 DO 431 J=1,M1

CMN(J)= 0.000
DO 431 T=1, i

431 CMN(J)-=CMN(J) +XNI( T) *A (I.J)
COUP=TL.S*TOL;/H?

XJUr=0.000
DO 43? T=1.l

43? XNUD= XNLJ+ XNIJ(T)*fl(I)
446 H8=- Y N11Ur

TTTPDG=TJTrTnG+i
IF(ITTPOG-5000?)35R,?35Q92356

7354 ySENJT = 8
GO TO 5000

>35A CONTINJF
DO 431 .=1,M)

433 CPT(J)= CPU(J) +r*CMs(J)

00004370
00004380
60004390
0000 4400
00004410
60004420
00004430
00004440
60004450
00004460
00004470
000044RO
000044P0
00004500
000045i
n0004520
00004530
00004540
0004550
00004560
00004570
000045g0
00004590
90004600
60004610
60004620
60004630
00004640
0004650
60004660
60004670
00004640
0000 690
00004700
60004710
00004720
00004730
00004740
00004750
00004760
Oflr4770
00004790
4000479
0000400
P0004H10

00004420
00004A30
00004840
00004850
00004860
00004870
00004RAn

00004410

00004940
00004450
00004460
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EXMTN= 1.0010
DO 51 I=,pM
IF (COT(J) - FMIN) 5i,51n.510o

511 CONTINUE
FXMIN= CPT(J)

510 CONTTNUF
SUMEX =0.000
Do 513 =1l.M
IF(CDTJ.i-FXMIN-fIr l) 517517,516

516 X(Ji= 0.010
60 TO 513

517 X(J) =DEXP(EXMTN -CPT(J))
SUMEX =SUMEX +X(J)

513 CONTTNUE
IF (cx41N ) 5?1,521 , 529

S)Q IF(SUMEX*0EXP(-EXMIN)-1.00) 4439521,52?)
521 PROn = XO /SU%iFX

00 5??P2 .1=1e4
52? H= H+ PPOD* X(J)*CrN(J)
443 CONTrINIJ

IF (H) 458,45A,457
457 TO=T

HO= H
60 TO (448,459*) . 'G0

448 T= T+T
IF (T - 1.0115 ) 446. 446, 908

90R TSFNT = 7
GO TO 5000

45A T=T
NGO=?

459 IF(DABS(H/H?)-Tol) 453.453,46o
460 IF rc(T1-Tnl**?-CoMP) 453,453.452
45? T=0.5Oo*(Tn+Tl)

GO TO 446
453 DO 454 I=i.v
454 XMU(CT) = XMil9(f) + T* XNU(T)

GO TO 9Q

L = 1 AT TTS POINT

?o SOUM = 0.000
SUM = 0.000

00 2 1 = 1. 'J
SPUM = SOUm + F(U,1) * F(I,1)

2 SUM = SUM + F(1,1) * 03(1)
E(l) = SUM / 50U'1
G(I.1) = 0.or)(
Yi 0.000
71 = 0.000

71 SUM = (1) + G,1) * 71
IF C SUM ))0. 10. 11

10 71 0.000
GO TO A

11 JF ( SUM - YMAX ) 471, 471- 47?.
477 71 YMAX

GO TO A
471 71 SUM

q IF C DARS( 71 - YI ) - TJL3 ) 15, 15. 13
14 YI 71

GO TO 71

C
C
C

00004970
00004990
00004990
no 005000
00005010
00005020
00005030
00005040
A00095050

00005060
00005070
oQOOSORO
00005090
0000c5l o

60005120
00005130
n0005140
00005150
AOOOG;160
90005170
nooni 80
noo0ocs1q
00005200
n0005210
0005220
60005230
00005240
60noos?
n00005260
n000270

00005280
n000r5290
00005300
n0005310
00005320
00005330
00005340
00005350
00005360
00005370

00005390
60005400
o000541 0
00005420
00005430
00005440
n0005450
0005460
00005470
A00054R0
00005490
nonfloSn
00005310
00005320
00005530
00005540
00005550
00005560
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C
C
C

j; 00 16 1 = 1. I
16 XNU(I) = -iO(T) * F(,1) * Zi

P0 19 J = 1, m
I x(J) = x(J) * 71

L = 0 OR 1 ELOW THIs PnINT

23 00 24 T=l,N
IF (DABS (XNI())- TOL4 *

?4 CONTINUE
NG0=2
GO TO 330

25 GO TO (c50.551). N6OA
551 ITER4=ITFP4+)

IF (L) 550,550,A14
A14 IF (ITER4-?0)S50,55255?
55s ITER4=0

NG01=2
GO TO 330

550 (IHO=0.000
DO 26 T=1,NJ

26 HO=HO+XNU(I)**2
H2= HO

TO=.OrOn)
T=1.Oflo

GO TO 330

AVD) 24,?4425

C
C SEE COMMENTS A90VE ( LAAEL 527
C
503 CONTINUE

C
GO TO (475,476).Jr,0S

474 K = ITEP - ( ITFP / N ) 0 N
IF (K) 531.532,531

53' K=N
531 00 540 L1=1.NL

IF(K?(L1)-K) 540.541,540
540 COJTJNtJE

0 TO 475
541 TF(OABS(XNu(K))-TOLs*o(')) 475,475,542
547 TF(ARS(XN!J(K))-1.o-15)475,47,8Rno

P000 S1JM=XNU(K)
00 543 T=1,N

543 XNU(T)=0.010
XNU(K) =SUM

HO=SUM*SU'4
DIFI=lno.fno

H2=Hn
T0=0.000

T=1.0900
GO TO 430

479 DIFI=DTF

GO TO 430
330 ITEP= TTEP+l

IF (ITF' - TTW)
670 TSFNT = 4

GO TO 5079

333.670,670

333 GO TI (503,5nn) 30101

00005570
00005580
n0005590
oOOOq6Oo
o0005610
00005620
00005630
00005640
00005650
o0005660
60005670
00005680
00005690
00005700
noooos7l 0
00005720
l0005730
00005740
no005750
00005760
00005770
60005780
oooor790
0O005830nO0000
nonoq~ia

W000820
A000OS30
00005840
n000'5fl
0005860
noos;8lO

00090Y80
0 005890
00005900
00005910
n005920
00905930
W00n5940
00005950
00005960
00001970
0000 5980
oflfl;99l
00006000
00004010
00004020
00006030
00006040
0000)50
00006060
600040 71
0000490
n00040cnf
00004 100
onnn1 10I
00004A120
00004130
00006140
nofose150
00006160

c

c
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C
500 NTOT=N+L

00 8?0 I=1.N
8?fl D(i)=YMU(T)

DO A21 J=1jM)
A?1 CPT(J)=X(J)

IF L) 727,7279502
502 XBAO=71

TrP2 = 1
750 IF (XBAP) 727, 727. 70)
701 G(N+1,N+1)= 0.000

DO 704 W=1.M
SIM=- C(W)

DO 70; J=19N
705 SUM=SUM-XMU(I)*A(IK)

IF (SUh -3.000)4?s,727, 727
4?5 X(K) = XBAP*DFXP(SUM)
704 CONTINUr

DO 70A =1*N
SUM=0.000

00 707 K=lN
707 SUM=SJM +A(T,K)ux(K)

SUM=SUM/XAR
G(I*N+1) =SUM
G(N+1.I) =SUm
P(!) = D(T)-S1JM*xAR

DO 70r , J=l,N
SUM= 0.000

DO 709 K=1,M
709 SUM=SuM - A(I.K)*A(JK)*x(K)
706 G(I,J)=SLM

SJM=-XAAP
DO 710 <=1,M

71n SU=qUM+X(<)
R(N+1) =SUM/XRAEP

nO 728 1=11,
IF(DAPS(R(T)) - TOL6*AVD) 728,7?8.7?7

7?8 CONTINUr
0 TO 730

727 DO 903 T=1.N
IF(DABS(XN(Ir))-TOLs*n(T) 903,903,01

901 CONTTINUE
DO 522 T=I,N

A2? XMU(T)=fl(!)
00 A23 J=).Mj

8B3 X(J)=CPT(J)
rd) TO 9179

801 TOL4=0.130*ToL4
NG06=?
H2=1.000
GO TO 99

730 TPP=NXNSOLU1NXNSLNTnT,r,,R)
IF(IPP-2)Annl.727.nn)

A0l1 TTEP2=ITFR?+l
no 465 T=1.k

IFCDARS(R(T)) -TrL7) 465,465,7)77
4A5 CONT INtiE

00 731 T=1.NTnT
JF(UAsP((T)) - To s 731. 731. 739

731 CONTTNU-

0000A170
n000A180
r000 4190
no 004200
nnol;?!0
0000A220
n000230
60006240
000062s5
00006260
6000A270
00004280
00004290
00006300
o000310
60006320
WoOO33O
t,0006340
00004350
0006360
q000s370
0000f350
noon; 390
60006400
00004410
00006420
n000s430
00006440
n0006450
00006460
)00046470
000040
60006490
00006500
00no6r.10

00006520
O006530
00006540
00004550
0000660
00006970

00 040 C00006590

00006600

00006420
00006n30
90004640
W000650

00006460
000066 70
00006480
00 (0 4490
0000670)noooon?
ono,, 71 0

00006730nooo4,73n

00006740
000 0ri750
00006760
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GO TO 737
733 DO 734 I=1.N
734 XMU(1)= XMIBUl( ) +Q(T)

XBAR =xRAR+ R(N+I)
GO TO 7S0

739 CONTTNUE
IF (ITrP2- ITMAX) 733,740,740

740 ISENT=5
60 TO 5000

TEST IF X(J) NEGATIVE

737

470

DO 470 j=,u)
IF (X(J)) 801,470,470
CONTINUE

END OF MAIN PROGRAM LOOP

507q SU'ANI =0.O00
00 5010 T =1 m

SUMNI = SUNI X(I)
5010 CONTINUE

IF (SUMJI) 75), 7%?, 751
75 ISENT=6

GO TO 5000
751 CONTINUE

no 5011 T = 1
5011 XMOFR(1) = X(I) / SUMNT

C NOTE: ROUTINE TO CHECK OR A rING
C IN PTP & RP APPAYS HAS 3EEN PEMOVED.
C
C AnnITTONAL CALCULATIONS PEOJIRED oY HPCIEM:
c

ILAP DERIVATIVF MATRIX

NPI1 = N + I
DO 6000 I= 1.N
DO 6000 J= 1.N

G(IJ) = 0.000
DO 4000 C= 10M

G(I.J)= G(IJ) - A(TK)*A(JK)* X(K)
6000 CONTINUE

DO 6001 T1 1,9
0(I. tPil) = 0.0o
GmP)). I) = 0.0"0

DO 400? K 1 = 1,1
G(il. NP))) = (I. NP11) + A(I.K)* X(W)
G(NPIl. I) = O(NOll, ) + A(TK)* W(K)

600? CONTINUE
G(1. NPi ) = G(U. NP1) / X3lA0
G(NPI). I) = G(N), T) / X*AP

6001 CONTINUE
G(NP11,NP1I) 0.0
XBAP = SUMJT
YHPRIM = 0.0
HORTSM = 0.0
00 6010 I = i.po
PTP(J) =0.0

6010 CONTINUE
00 6030 K lol
YHPPI4= XipTm+ X(<) * ( (7L(<,4)TK + 7 (K 3))*TK + 7L(K, ) '

C
C
C

C
C
C

60004770
00004780
00004790
nono00on
0000481 0
00006820
00006830
00006840
00006850
00006860
0004870
00004880
0000,890
0004900
60006910
00004920
0006930
60006940
00006950
00006960
00006970
00004980
A0000990
60007000
000070)0
60007020
00007030
00007040
00007050
n0007060
0007070
00007080
00007090
00007100
00007110
00007120
00007130
00007140
60007150
00007160
00007170
00007180
00007190
0007200
0007210
00007220
00007230
00007240
0007250
00007260
00007270
00007275
00007280
00007290
00007300
OOo07310
00007320
60007330
00007340
00007350
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I * T + ZL(Kl) + ?L(KI5)/(TK*TK)
XHORT(K) = X(K) * HORT(K)
HOPTSM = HIPTSm + WOPTCM)
00 6020 1 = Im
PTP(I) = RTP(I) - A(T) * XHORT(K)

AO2 CONTINUE
A030 CONTINUE

RTP(NPjl) = 4PTSM / V9AR
NPL = N + L
no 6040 I = 1,NPL
PTP(I) = RTP(I) / TMP

6040 CONTINUF
JPP = NXNSlL(INXJSL,NPL,3%RTO)
CSURP = 0.0
DO 6060 K = 1,M
RTPA = 0.0
00 6050 i 1,N
RTPA = RTPA + PT;'(1) * A(K)

6-050 CONTINUE
CSURP = CSiJRP (HOPT(K)/TMP - RTPA)*XHORT(K)

6060 CONTINUEF
SMDHDT = XHPRIM + AP*TMP*(CSURP + RTP(NPl1)*HORTSM/SUMNI)

RETURN

FRROR: SET MO.E FPACTIoS TO 0.

5000 00 5100 1 = 1, TTOTSP
5100 XMOFR(1) = 0.

RETURN
END

C

C
C
C

0007360
10007370
00007380
00007390
n0007400
60007410
00007420
00007430
60007440
00007450
00007460
00007470
00007510
00007540
00007950
60007560
l0007570
00007580
00007590
00007600
0007610
00007620
00007630
00007640
00007650
n0007660
A0007"70
00007680
60007690
00007700
00007710
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FUNCTION NXNSIL(T4,TNJA,9)
CNXNSOL

IMPLICIT RrAL*q(A-HN,-7)
DI'4ENSION a(2),8(2)
INTEGER XR'W
XROW(KooOFx,KfoIFX)=Kn0O1?X*4-M+KfnFX
NI=M
N=TN
NI=N-1
[0 44 J=1.N1
K=J
JI=J+1
JJ=XROW(Jgj)
WSI=DARS(A(JJ)

C LOOP TO FIN o LARSEST
DO 11 L=JI.N
LJ=XROW(LJ)
WWS1=DARS(A(LJ))
IF (WSI-WWSI) 12,11.11

l? WSl=WwSI
K=L

11 CONTINUE
IF (J-K) 13.31,31

C $ TF DTAG JOT LAPGFST INTERCHANGE ROWS
13 00 26 L=P.N

JL=XROW(JL)
KL=XROW(KL)
WS1=A(JL)
A(JL)=A(KL)

P6 A(KL)=WS1
WSl=B(J)
8(J)=2(K)
A(K)=WSI

31 00 33 L:Jl.N
JL= XROW(JL)
IF(A(JJ))33.54.33

33 A(JL)= A(JL)/A(JJ)
8(J)=R (J) /A (JJ)
00 43 L =1.N
IF (L -J) 37,43,37

37 LJ = XROW(L ,J)
38 nO 41 L?=JI.N

LL?= XPOW(L -L?)
JL?= XROW(.1,L?)

41 A(LL2) = A(LL2 )-A(LJ )*A(JL?)
R(L) = 8(L)-A(LJ)*R(J)

43 CO'ITINU
44 CONTINIIE
C LAST COLUMN HAS NOT REEN DoNr YFT

NN= XROW(NN)
IF (A("IN)) 46,54.46

46 R(N)= B(N)/A(NN)
DO 50 L=1,"1
LN= XROW(L.N)

cn 4(L)= 8(L)- A(LN)*P(e)
NYNSQL=l
4FTtIR:-

154 NNQs
RF TI IRp
FNWJ)

00007720
00007730
A0007740
00007750
60007760
0007770
00007780
00007790
00007800
00007810
00007820
Q0007830
n0007840
A0007850
00007860
00007870
A0007880
00007890
60007900
00007910
00007920
00007930
00007940
60007950
00007960
00007970
A0007980
00007990
60008000
0000A010
40000020
n0o00030
00008040
nODO4050
00008060
600CR070
00008080
00008090
0000A10o
00008110
00008120
00008130
O0000140
00008150
o0008160
A0008170

nooRi9o
60008190
nOOon2-Oo
00008210
0000A220
0000A230
00008240
00008250
00008260
00008270

0000 300
o000310

I
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**CYCLE SIMULATION FCR DIRECT INJECTION ENGINE** VERSICN 1***
-----C20058.DAT RUN #37 JUN. 28 '77------

TABLE OF INPUT DATA AND INITIAL ENGINE CONDITIONS

INITIAL JET SPEEC
VINITz 9530.9CM/SEC

ENGI E
STROKE =
CCa.RCD =
BCRE =
CLEAR.VDL. =
CLP VCL. =

CE OETRY
9.842CP
16.83CM
9.84 2CM
12.70CM**3
57.2CM** 3

*

*

*

*

*

*

TYPING
INT.VAL.OP N =
EXH.VAL.CPEN =
INT.VAL.CLOSE =
EXH.VAL.CLOSE =
FUEL INJ.START=
FUEL INJ.ENO =

-20.DEG
480.ODEG
200.*01EG
14.0DEG

330.0DEC
360.00EG

*

*

*

*

*

*

*

FUEL PROPERTIES
ZM(NO. OF H) =
ZN(ND. OF C) =
SAFC(STOICH.A/F)=
LCWER HEATING = 10
VAPORIZING HEAT =
DENSITY = 0.

16.5
*

*

9.0 *
14.4 *
020. CAL/G*
64. CAL/G*

800CG/CM**3*

ESTIVATE TEMPERATURES
PISTCN TLP(TP) = 650.0K
CYL.hALL(TW) 600.0K
CYL.HEAC(TCYLH) 650.0K
INT.VALVE(TINV)= 500.0K
EXH.VALVE(TEXV)= 700.0K

INITIAL JET CATA
JET CIRECTION**

ANGLEIVERTICAL) = 34.00
ANLE(TANtENTIAL)= 15.00

JET RADIUS = 0.02227
JET LC(ATIGNCR) = 2.0SO
PISTCN CUP RADIUS = 2.46%3

DEG
DEG
CM
CM
CM

* JET MIXING PARAMETER
* SWIRL RATIO AT DC =
* AIR ENTRAIN. PARAMETER
* ALPHA
* BETA
* DENSITY OF SURROUD. GAS = 0
* SWIRL DECAY FACTOR = 0.6

*

3.650RPM *
*

0.070 *
0.350 *
01200 G/CC *

50E-05 *

PLUPE MCDEL
INITIAL PLUME RADIUS = 0.lCOO
ENTRAIN. PARAMETER = 0.220
LAM. FLAME SPEED = 200.00
SPARK PLUG LOCATION = 50.C0

(FROM [NJ. NCZZLE)
TAYLCR MICRO SCALE = 0.0236

aENGINE CONDITION * INTAKE CCNDITIONS * COMPUT'NG INTERVALS * PRINT CONTROL
ENGINE SPEED = 2003. RPM * PRESSURE = 0.960 ATA * VALVE OVERLAP= 2.00 DEG * VALVE OVERLAP= 1.00
FUEL AMOUNT = C.02970 G/SHOT* TEMPERATURE = 310.00 K * INTAKE = 2.00 DEG * INTAKE 1.00
EG C.0 * ECUI. R TIO = 0.0 * COPPRESSION = 2.00 DEG * CCMPRESSION = .Co

A'RIENT CONDITICNS * EXHALST CONDITIONS(ASSUME) * COMEUSTION = 3.75 DEG * COMBUSTIC = 1.00
PRESSURE 1.00 ATA * PRESSURE 1.03 ATA * EXPANSION = 2.00 DEG * EXPANSION = 1.C0
TEMPERATURE = 310.C0 K * TEMPERATURE = 786.00 K * EXHAUST = 2.00 DEG * EXHAUST = 1.G0

* ECUI. RATIO = 0.500 *

ZIAMETER
LIFT

DIAMETER
L IFT

INTAK

EXHAUS

E VALVE
4.570 CM

= 1.625 CM
= 1.0
T VALVE
= 2.150 C!
= 1.625 CM.

*

*

*

*

*

*

*

NUM2ER = 1.0 *

FRICTICN LOSS *
PISTCN SKIRT = 7.CCC CM *
JCU. BEAR. COE= 1.C00 *
NC. CF RINGS = 3.0 *

HEAT TRANS. AREA * HEAT TRANS. CCEFF
INTAKE VALVE = 16.403 CP**2* (WCSCHNI'S
FX1AUST VALVE= 6.835 CM**2* COHT = 1.60000
PISTON TOP = 57.066 CM**2* CGHT1 = 2.28000
PISTON TOP = 46.576 CP**2* COHT2 = 0.00320
CYL. I-FEAD 52.840 CM**2*
CYL. %ALL VARIABLE*

*

EQ.) *
*

*

*

INITIAL CCNDITICN
CYL. PRESS. 1.27
CYL. TEMP. = 786.0
CYL. EQUI. 0.500
EXHAUST TEMP.t 786.0

CM *
*

CM/SEC *
DEG *

CM

ATA
DEG

DEG *

------------------------------------------------------------------------------------------------------------------------

.
5



INTAKE VALVE--EFFECTIVE FLOW AREA
NCRMALIZED CRANK ANKLE

0.0 .058
0.712 0.750

NCRMALIZED EFFECTIVE FLOW ARE
0.0 % 0.000
C.409 0.345

VS. CRANK ANGLE

0.C6 0.135 0.173 0.211 0.25C 0.288
0.789 0.827 0-865 0.904 0.942 1.000

N
0.005 0.044 0.132 0.240 0.345 0.409
0.240 0.132 0.044 0.005 0.00C 0.0

EXHAUST VALVE--EFFECTIVE FLOW AREA VS. CRANK ANGLE
NCRMALIZED CRANK ANKLE

0.0 0.058 0.C96 0.135
0.712 0.750 0.789 C.827

NCRMALIZED EFFECTIVE FLOW AREA
0.0 0.001 0.015 C.116
0.644 0.92 0.480 C.310

0.173 0.211 0.250 0.288
0.865 0.904 0.942 1.000

0.310 0.480 0.592 0.644
0.116 0.015 0.001 0.0

0.308 0.692

0.417 0.417

0.308 0.692

0.650 0.650

0



INTAKE ANC EXHAUST VALVE CPEN

CUTPUT DATA
THED P
DEG ATA

-8.0
-6.0
-4.0
-2.0
c.0
2.0
4.0
6.0
8.0

10.0
12.0
14.0

1.31
1.33
1.35
1.35
1.34
1.31
1.25
1.16
1.06
0.98
0.95
0.95

T V WCRK CYL.MAS HEAT TRANSFER
K CP**3 PS KG CAL/A CAL

790.
792.
793.
791.
788.
783.
773.
758.
741.
725.
721.
724.

75.
73.
71.
70.
70.
70.
71.
73.
75.
77.
81.
84.

-0.00
-0.00
-0.00
-0 .00
-0.01
-0.00
-0.00
-0.00
-0.00
-0.00
-000
-0.00

0.043
00043
C.043
0.042
0.042
0.041
0.040
0.039
0.038
0.037
0.037
C.039

-0. 62E-02
-0.887E-02
-0.90t E-02
-0.90IE-02
-0.886E-02
-0.854E-02
-0.793E-02
-0.698E-02
-0.583E-02
-0.471E-02
-0.397E-02
-0.407E-02

-0.345F-O'l
-0. o700E-01
-0.106E+00
-0. 142E+00
-0 . 177E+00
-0.212E+00
-0.243E+00
-0.271E+00
-0.2951+00
-0. 313E+00
-0.3290+00
-0*346E+00

AEFI GWI AEFE GWE
CM**2 G/S CM**2 G/S

0.01
0.03
0.05
0.08
0.11
0.21
0.42
0.63
0.84
1.09
1.59
2.08

-0.16
-0.28
-0.73
-1.22
-1.69
-2.35
-5.27
-7.71
-8.55
-6.60
3.43

10.18

0.17
0.13
0.09
0.05
0.02
0.02
0.01
0.01
0.01
0.01
0.00
0.0

-2.99
-2.47
-1.85
-1.17
-0.49
-0.30
-0.24
-0.16
-0.09
0.02
0.04
0.01
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318.0
32C.C
322.0
324.0
326.0
32.O
330.0

7.60
8.20
8.86
9.58

10.37
11.24
12.19

665.
678.
691.
705.
719.

.733.
748.

191.
180.
170.
161.
151.
142.
134.

-2.34
-2.51
-2.67
-2.85
-3.04
-3.23
-3.43

C. 768
C.768
0.768
0.768
0.768
C.768
0.768

-0. 107E-01
-0.154E-01
-0.207E-01
-0.264E-01
-0.329E-01
-0.400E-01
-0.479E-01

0.204E+02
0.204E+02
0.203E+02
0.202E+02
0.201E+02
0.199E+02
0.197E+02

0.961
0.960
0.959
0.958
0.957
0.956
0.955

4.23
4.29
4.36
4.44
4.52
4.62
4.74

%0



COM3USTION AND EXPANSICN

CUTPUT DATA
THED PRESS

NM +* T .A V
K

PS
,I TEM .RT

K

I*SWIR
7A SS
14G

14.27 5= -3.A FSWIR=
C.0

758.6
717. C.0 13.2

16.61 PS= -4.2 FSWIR=
-C.In2

742.1
-182. -0.012 20.1
A35. c.0 11.4

PRESS.= 19.31 P5= -4.7 r.swR=
.021)

1214. 0.019
-98. -0.312
834. :.o

333.1
T CTAL

1 1
2 1

337.5
TCTAL
1 1

L 2
31

341.2
TCTAL
1 1
22
3 2
4 1l

345.01
TrTAL

11

3 2
4 -
S1

349.7

& I

32
4 2
52
6 1

3'2 .5

- i
23
33
4 3
5 2
6 2
7 1

3P6.2

1 A

4 3
53
6 3
7 2
8 1

1333.
1314.

6..
065.

717.9
27.0
21.7
1 3.* 7

PS= -5.1 FSWIR=
2.017

C. 123
C.024

-C.011
0.0

683.3
34.2
27.9
21.5
14.2

S. RT PI
PWA5 UMA S V
MG MG CM**3

0.953 S.RT= 5.146
119.35
117.31

0.0 0.0 2.03

0.950 S.RT= 5.536
106.53
1C2.19

1.8 1.5 2.51
0.0 0.0 1.81

C.948 S.RT= 5.953
95.52
88.01

6.3 5.7 3.56
1.8 1.5 2.30
0.0 0.0 1.64

C.945 S.RT= 6.491
86.42
74.25

14.7 13.7 5.29
6.6 6.c 3.26
1.9 1.6 2.11
C.0 0.0 1.49

27.32 P5= -5.4 FSW!R= C.941
C.067

643.4
2201. C.374 41.R 29.8
193. .14.0 35.4 16.0
1437. C.01" 2Q.9 7.0

.22. -:.0 l 22.4 2.0
901. c.3 14.9 0.0

34.43 PS= -5. prswR= C.q36

.. 2

2325. .632 50.3 41.8
213. 2.4"1 43.4 35.4
1745. C.277 36.7 28.9
15C. 0.n I720.0 1E.3

4 0. -.. 026 23.3 7.8
943. 0.0 15.5 0.0

PRESS.= 41.54

25 32.
2423.
22 1 -
197?-.
1473.

631-.
933.

D'S= -A.9 FOWTR= 0.931
-34

529.5
?.830 53.9 5C.3
'.674 51.1 43.4
C.516 44.9 36.7
0.362 37.3 3C.0
.14k 31.3 23.3
.C' 24.1 8.3

2.0 16.1 C.0

S.RT= 7.008
79.27
60.27

28.C 8.03
14.9 4.77
6.3 2.94
1.7 1.91
0.0 1.33

S.RT= 7.694
74.12
46.24

41.8 9.58
35.2 7.53
27.6 5.14
15.8 2.98
6.3 1.51
0.0 1.14

S.RT= 8.14C
71.02
35.60

50.3 10.11
43.4 A. 38
36.7 6.61
30.0 4.93
23.1 2.97
6.7 1.39
3.0 1.01

PM
EOUI

WND
CP ENTH

CAL/C CAL/G

P:V -SS.

777.
777.

PRESS.=

805-.
737.
905.

PPM WNO JET LOCATICNS
PPM G*10**6 R(CM) Z(CM) EG

52. 42.
52. 41.
48. 0.52

52. 42.
52. 40.
31. 0.89
48. 0.53

SUP.H.REJ=0.192E+02
0.59
C.03 0.267 193.8
5.69 0.432 193.8

SUF.H.REJ=0.186E+02
C.51
0.03 0.268 201.4
4.32 0.349 178.5
5.59 0.433 201.4

SU.1 .RE J=0.178E +02
0.59
0.03 0.269 209.1
2.34 0.337 235.7
3.20 0.349 187.7
5.40 0.433 209.1

SUP.H.REJ=0.167E+02
0.59
3.03 0.271 217.3
1.80 0.347 353.7
2.25 0.337 249.9
3.06 0.348 196.6
5.14 0.431 217.3

SU .H.REJ=0.153E+02
0.59
3.013 0.272 227.3
1.44 0.351 570.0
1.73 0.348 378.3
2.17 0.338 267.3
2.91 0.348 212.1
4.85 0.429 227.3

SUP.H.REJ=0.132E+02

0.59
C.03 0.274 240.0
1.18 0.356 732.8
1.38 0.354 666.5
1.66 0.357 528.0
2.39 0.356 352.8
2.78 0.343 197.5
4.58 0.427 240.0

SUP.H.REJ=0.ln2E+02
C.59
C.03 0.276 249.9
1.00 0.477 814.2
1.15 0.365 760.6
1.34 0.354 696.5
1.61 0.359 615.4
2.00 0.361 429.9
2.67 0.345 221.3
4.36 0.425 249.8

42.
39.

1.27
0.92
0.55

42.
37.

1.66
1.32
0.97
0.57

42.
35.

2.C6
1.72
1.37
1.01
0.61

42.
32.

2.60
2.15
1.79
1.43
1.06
0.64

63.
29.

23.71
3.09
2.22
1.85
1.48
1.11
0.68

RJET C.ANG .T.
CM DEG CAL

-0.62E-01
-0.23E+00

2.0 1.15 32. 0.463 0. 0.0

-0.83E-01
-0,31E+00

2.2 1.77 55. 0.783 137.-0.13E-02
2.0 1.16 33. 0.463 0. 0.0

-0.XIE00
-0.40E+00

2.4 2.22 74. 1.131 1?0.-0.34E-02
2.2 1.77 57. 0.790 138.-3.20E-02
2.0 1.15 34. 0.467 0. 0.0

2.4 2.57 92.
2.4 2.22 76.
2.2 1.75 58.
2.0 1.14 34.

51.
52.
37.
31.
48.

50.
52.
41.
37.
32.
48.

50.
52.
44.
41.
38.
33.
49.

50.
52.
4.
44.
42.
38.
34.
49.

75.
52.

385.
56.
45.
42.
39.
34.
49.

2.85
2.56
2.19
1.72
1.12

3.06
2.83
2.52
2.14
1.67
1.08

3.24
3.05
2.79
2.46
2.07
1.60
1.04

111.
96.
79.
60.
35.

134.
117.
100.
83.
62.
36.

164.
144.
125.
106.
87.
65.
37.

1.367
1.122
0.798
0.476

1.420
1.314
1.105
0.807
0.487

1.341
1.320
1.250
1.083
0.813
C.50

1.263
1.240
1.230
1.189
1.062
C.820
0.513

-0.14F+00
-0.52E+00

177.-0 99E-02
168.-l%.49E-02
138.-.30F-02

0. 0.0

-0.20E+00
-3 68E+00

170.-0.23E-01
172.-0.13E-01
166.-0. 71E-02
138.-0.448-02
24.-0.11E-02

-0.28E+00
-0-93E+00

148.-C.39E-01
159.-0.32E-01
165.-0.23E-01
162.-3.13E-01
138.-3.57F-02
42.-0.26E-02

-0.39E00
-0.12E+01

120.-0.52E-01
133.-0.49E-01
147.-C.43E-01
158.-C. 34F-01
159.-0.20E-01
139.-0.92E-02

55 .- 0.46E-02

H'

C

2.3
2.4
2.3
2.2
2.0

2.1
2.2
2.3
2.3
2.2
2.0

1.8
2.0
2.1
2.2
2.3
2.2
2.0

334.
90 3.
770.
834.

PRCSS.= 22.6f

RL-.
124t.
950.
.qv"7 .
369.

13 51321.

851.
1101.

PRFSS.=

2325.
21 8.
1745.

1'7.

949.

933.
2532.
2403.
2214.

1 97t.
4.
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RLChy = 43.4P1G/Cm**2
VISC041S PISTON = 366.137G/Cm**2
R 1'.: TUXSICN = 1.044i/CM**2
RI\C GAS PRES = .3SC/Cv**2

TCTAL LOSS fllA 1.4G/CM**2

PIALPr -67.65G/C.**2
PFMEP= 345.C70/Cv**2

AIMEP= 624CT.S/CM?

rMEIP= 53188.G/CM**2

HEAT REJECTION= iAL/4
TCTAL H. RCJ =0.PlM9r+0
CYL. LINER =3.2--lF+o
PISTON TC =0.1473':+0i
I'l5TL CLT =O.?C'4'r+Oq
cvY. WA r :oI.xr1 Ao
1it. viLvE =2.7221E+04
EX'. VALV2 =O.1322E+04

I-EAT R J./FLEL =

PEAK CYL PRESS=

PSIA= -0.11HP
PSEXK 0.57HP

lh"= 10.38HP ASrFC= 171.64G/IHP.HR

RHP= 8.96HP BSFC= 198.78G/BHP.HR

2.277

52.9AT367.5DEG. CA




