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ABSTRACT

LS

A -

A phenomenological model with stratification of temperature and specics

concentration was developed to simulate engine misfire. The fuel mixture in the -

combustion chamber is divided into equal mass particles, each of which has its own

~ .

temperature and species concentration. The model incorporates the coalcsc}:nce
-~ . - )

disperston model for finite rate mixing and the mass entrainment model for flame

"propagation. The chemical rate of the first order reaction for the combustion of

propane in air is used to formulate a set of ordinary differential equations for the

evolution of temperature and species concentration. An ODE solver of the predictor
4 .

corrector method was developed to solve the equations.

Two types of engine misfire limits were simulated : the ignition limit and
partial burn limit. The model was tested extensively for the ignition limit, including
Ll;c effect of turbulence intensity, intake temperature and prgssure, equivalence ratio,
ignition energy, spark gap distance, and engine RPM. Tile turbulen;é intensity,
intake temperature and cquivalence ratio wereﬂobserved to have the strongest effect
on ignition limit, Examples of partial burn cycles were also obtaiﬁed. The concept of
age mixing was implemented as an attempt to simulate partial burn more adequately,
but more studies are required for the age mixing model to predict partial burn.
(.'-nmpu‘t‘;ation of a complete cycle has not been performed in any of the tests due
-i.() limited computing time. Howe;'er, conclusion can still be reached with about 20
degree crank angles of result after ignition for the case of ignition limited misfire,
and about 40 degree crank angles of result after ignition for the case of partial
burn. The model in its present form has not been calibrated with actual engine
experiments due to the lack of complete enginé specifications in available literature.

: Y
Such calibration has to be performed for model applications on any specific engine.

'
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. NOMENCLATURE
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EX

- Pre-exponential constant

Flame frtimt. area

Exponent of fuel

Exponent of oxygen

Constant of mixing frequency

Mean molecular speed of ché.in carriers
Specific heat at constant volume
Velocity divergence

Electrode diameter

Aectivation energy

Internal energy of the burned gas
[gnition encrgy

Dissipation of turbulent kinetic energy
Internal energy of the unbuened gas
Fucl fraction of a particle

Function of iteration for the flame radius

.Derivative of the dependent variable

Last time step

Current time step

Chamber height

Dimenionless parameter of pressure
Turbulent kinetic energy

Integral length scale

Spark gap distance

Mean molecular weight
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Ry
R,
R

Te

.
T in
Tm

At
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Molecular-wcight of species X

Mass of a pa[‘ticlé T e e

Entrainéd mass

Number of particles in the chamber

Number of moles per gfanl of mixture in particle i
Number of mixing pairs

Number of particles i}1 the reactor

Number of moles of mixture

-

Pressure

Pressure at the closing of the intake valve
Reference pressure

Heat transfer to the systen

Specific lrélt transfer to the system
Universal gas constant

Gas constant of the burned gas ¢
Bor;e radius of the chamber

Gas constant of the unburned gas

Entrainment radius

Spark location offset

Error to tolerance ratio

Laminar flame speed

Burned gas temperature

Temperature of particle i

Temperature at the cl‘osiﬁg of the intake valve
Mean temperature of the reaction zone

Unburned gas temperature

Time interval

Internal energy
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Uy, Uz, Us 7 Internal cnergy o‘f a particle’
Un; Internal energy pet mole of mixture for particle i »
v T Spc'dﬁp'l‘i'ﬁterna.l"energy- . S
e L Entrainment velocity N
. u Turbulence intcnsit&
vV ‘ Chambci‘ volume
Vi Burned gas volume
v, Entrained volume
Vin Chamber "volumc at the closing of the intake valve
Vu.!] ,Vola, Voly Volume of a particle
v, " Total volume of the particles
Vi Actual chamber volume
0 Specific volume offt particle
1374 , Work done by the system
w | Moles of water per gram of mixture
X Moles of Tuel per cc of mixture
x Moles of fucl per gram of mixture
() Dependent variable of an ordirlary differential equation.
¥ Moles of oxygen per cc of mixture
Yy, Mole fraction of fucl
}O; Mole fraction of oxygen
y Moles of oxygen per gram of mixture
2 Moles of carbon dioxide per gram of mixture
Qo Exponet of pF?’s?ﬁre ratio
¢ Error bound
¥ Ratio of.speciﬁc heats .
v Moles of nitrogen per grarln of mixture

P _ Density
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Equilibration time

Mixing frequency
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CHAPTER 1
- INTRODUCTION

1.1 GENERAL OVERVIEW

Lean combustion improves specific fuel consumption and reduces emissions
of carbon monoxide (CO) and oxides of nitrogen (NOx) in spark ignition engines
(Shiomoto et al, 1978). However, misfire and cycle to cycle variation in lean burning
engines cause rough operation anld higher hydrocarbon (HC) emissions. Misfire limit
i3 usually defined as the equivalence ratio at which a small percentage of cycles fail
to iguite or burn completely for given operating conditions, namely, temperature,
Lm'bullctlce, spark adﬁance etc.. A percentage of cycles is used because cyclic vari-
ation causes some cycles to misfire, and the others to burn completely. Different
cxpcrimgxﬂal methods have been used to determine if a cycle misfires. There is no
agreement among researchers as to what percentage of cycles per minute misfires
in the limit or, on the specific method used to identify these cycles. Quader (1974)
assumed that at the misfire limit, 0.5 to 0.8 % of the cycles misfired. He identified
“tliem by observing the pressure curve, the flame front position usiné an ionization

probe and the exhaust HC level. Anderson and Lim (1985) used 0.4 to 2% of the @

A

cyeles misfiring as the limit. They identified them by observing that the pressures ¥
at 40 degrees before an after top dead center in the same cycle are equal. Quader
(1976) describ vo misfire limits: the ignition limit and the partial-burn limit.
The ignitiorfl limit is reached if the spark fails to ignite a sufficiently large flame
kernel to sustain flame propagation by the heat release of combustion. On the other

hand, the partial burn limit is reached when the flame has not traversed the entire

combustion chamber when the exhaust valve opens.



1.2 LITERATURE SURVEY

Germane et al (1983) provided an extensive review on the research works of
lean mixture in spark ignition engines. They included over-one hundred references
dated from 1908 to 1983. The following literature survey does not intend to cover

all available literature. Instead; the literature relevant to the present study will be

reviewed,

As early ‘as 1971, Tanuma et al (1971) investigated ways to improve lean
combustion in spark ignition engines. They performed engine experiments with a
modified ignition system, intake valve seat and combustion chamber geometry. The
results showed that the lean limit can be extended using a larger spark gap, longer
spark gap projection, higher ignition energy, and by using a valve scat with six in-
clined vanes. It was found that a compact combustion chamber and hcat.c;d intake
mixture improved fuel consumption and smoothness of operation. The engine speed '
was set at 1600 RPM for the testing of the lean limit. The authors defined the fan
limiﬁ as the large§t air to fuel ratio without misfire in 300 cycles. This definition was
considered to be ambiguous by later fescarchers (Gerrnane et al, 1983). The lean
limit defined this way depended on the number of cycles observed. Tanuma et al

(1971) were one of the earliest to investigate the lean limit of spark ignition engines.
| Their work did not provide insight in understandiﬁg the mechanism of lean misfire.
Quader (1974) has done extensive experimental studies on lean misfire limit with
propane and air and isooctane and air mixtures. The effects of varying different
engine operating variables were investigated. His results indicated that the lean
misfire limit was-extendéd by incr-easing compression ratio and temperature, im-
proviﬁg mixture homogeneity; decreasing charge dilution and engine speed. Quader
(1976) also studied two types of misfire :. misfire at ignition and partig;.l burx‘l. He-
investigated whether the lean. limit occurred at ignition or during flame propaga-

tion. His study showed that at early spark timing, misfire occurred at ignition and

that misfire at ignition can be avoided by retarding the spark advance. However, at -
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late spark timing, misfire.occurred during flame propagation and the partial burn
limit -was reached. The two pépers by Quader (1974, 1976) have stimulated great
interest in understanding misfire.  The author defined misfire usirig experimental
measurcments. The combined effects of engine operating variables on misfire were

+ presented. Several questions concerning misfire remained unanswered. In fact, the

measurement technique. to distinguisfl ignition misfire from‘partiﬁl burn did. not”

-

suggest that they were two diffefent phenomena.

Smith et al (1977) analyzed thé bulk _quench’i'ﬁg of flame in an expand-
ing chamber using schiieren th.togra_p,hs; : T}iéif study showed that bulk quenching
depended on the amount of volume expansion rather than the rate of volume ex-
pansion, Therefore, thcrunburncd gas density was critical when bulk quenching
ocecurred. The authors also correjated the lean limit with the Karlovitz number for
different ignition timing. They concluded that bulk quenching contributed to flame
extinguishment when ignition timing was retarded. Their results were in agreement‘
with the results of Quader (1976) that partial burn occurred at late ignitian timing.
On the other hand, Peters (1979) investigated some cases of partial burn. He ob-
tained pressure traces for a large ensemble of partially burned‘ cycles, and deduc.ed
the mass burn fraction using the two zone heat release model of Krieger and Borman
(1967). Their results showed few cases of flame quenching before the exhaust valve
opened. The mlajority of the partial burn c'yc.les were still burning when the exhaust
valve opened due to slow burning rate. Peters also observed that the calculated
flame temperature at quenching was between 1650 to 1880°K, but the slow burning
cycles had a flame temperature above this.range. The works of Smith et al (1977)
and Peters (1979) have contributed to the understanding of partial burn. However,

the question left open by Quader’s studies remained unanswered.

The limitation of experimental works in understanding the physical mech-
anism behind misfire is mainly due to nature of engine experiments. All engines

operate at a set of inter-related operating variables. For instance, if the speed of



the engipe-ischanged, the turbulence intensity, residual fraction and other variables -

/will also be affected. The effect of varying one operﬁtixlg parameter-alone is very

difficult to obtain. Engme expenments can only yxeld results of combined effects,
Numerical models, on the "other hand, can demonstra.te the effect of varying any
selected engine operatmg parameter, while perfcctly isolating all _other variables.

Therefore, modelling provides information that is not available from experiments.

To date, attempts to model ignition limits have been made. Arici ot al
(1983) postulated that at the ignition limit, the energy production {rom combustion

in the flame kernel was equal to the amount of heat dissipated to the unburned

Nrounding by turbulence. The burned mass was obtained using a mass entrainment

model following the work of Tabaczynski et al (1977). The entrainment velocity was
. the sum of laminar flame spced and turbulence intensity. The cffects of varying
compression ratio, engine speed, intake temperature and exhaust gas rccirc‘ulation
were investigated. Comparison of model results with experimental results showed
good agreement. Anderson and Lim (1985) determined experimentally the critical
spark gap distance at which the leanest mixture could be ignited for a given spark
advance. They called it the minimum energy condition. The critical spark gap
distance was called the quench distance. At the minimum energy condition, reducing
the spark gap would increase heat loss through the spark plug electrode and the flame
would be quenched. On the other hand, increasing the spark gap would increase
heat loss to the unburned gas and the flame would be quenched. The authors used -
" a mode] by Ballal and Lefebvre {1977) to relate the quench distance to the effective

(turbule]nt) flame thickness. The model failed to predict the effect of engine speed

changes.

These two models for ignition limit provided some insights into the physics
behind misfire at ignition. However, complete understanding of ignition misfire and
partial burn is not obtained yet. As Quader(1976) stated in his paper in study-

ing the constraint limits of lean operation, that ‘this would require modelling the

/

/
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thermochemical interactions neé.r-the spark gap to establish flame initiation during
compression, and modelling the flame q.u_enching process during expansion.’ Since -
the thermochemical intéraction at the éparl{ and the flame quenching (partial burn)
process arb strongly inﬂﬁenced I‘Jy local temperature and species con;:entra.tion, a
model incorporating temperature and species sT.ra.tiﬁt’;atior: coupled with finite rate

chemistry and finite rate turbulent mixing is essential to predict the ignition limit

and partial burn limit.

1.3 OBJECTIVE

The objective of this study is to formulate a model for flame propagation in
a lean mixture to predict both ignition limit and at partial burn limit. At the present
time, models for partial burn are not available in the literature. Both the misfire at
ignition and partial burn are affected by the same type of engine operating variables,
namely inlet flov»'r condition, inlet condition of fuel mixture, ignition system, ignition
timing, engine sl'-)eed, and compression ratio. Therefore a model predicting both the
knition limit and partial burn limit will be useful in understanding the mechanism

ol engine misfire.

The model should b;z sensitive to the variation of all parameters that are
believed to affect the misfire limits. These parameters have been used by Quader
(1974) and Anderson and Lim (1985) in their extensive experimental works. ’They in-
cluded th('z equivalence ratio, intake temperature, pressure, turbulence, engine speed,
spark advance, spark gap aLnd ignition energy. The model is expected to predict ex-
perimental trends when the parameters are varied. It should also predict the exact
ignition limit and partial burn limit if complete engine data are available for precise
model validation. However, this cannot be accomplished at the present stage due

to the lack of complete enginé data.



- -
It should be noted that the model does not replace any engine cxbcrimcnﬁs. '
The purposé is to assist résea.rchers in unc_lefstanding the results of engine exper-
iments, la.nd to direct future experiments. A't. the lean limit, misfire and cycle to
cycle variation .a.re coupled. Due to cyclic variation, the misfire limi t predicted by
the model represents some cycles of an‘ engine operating at the lean limit. "The
percentage of misﬁring cycles is an important considération from thic practical point
of view. It cannot be obtained without l\:nowing the cy_:.(_:lic distribution of mixture

conditions froiwu cxperiment., Therefore, experiment and modelling should always.

complement one another.

~

4

1.4 MODEL APPROACH

Combustion models for spark ignition engines are classified as either multi-
dimensional or phenomenological. In multi-dimensional models, the conservation of
mass, momentum, species and energy are solved numericaily, and spatial variations
of velocity, temperature and species concentration are calculated. These models
require fine grids and excessive computing time. They are still in the development,
phase, and have not been used to caleulate lean misfire limit. Phenomenological
models assume a spatial average for the thcrmodynamic state of the mixture. They
requiré less computing time, and can be used with engine development. A detailed

classification is discussed by -Heywood (1978).

In this study, a phenomenological model employing the coalescence disper-
sion approach by Curl (1963) is developed. The fuel mixture in the combustion
chamber is divided into a number of equal mass particles, each having a homoge-
neous species concentration and.temperature, [nitially, a number of particlcz«; having
a volume equal to the‘volur_ne of the spark plug gap are selected and ignited to a fully
- burned state. The ighition energy released by the spark is equally distributed to

those few particles. Then the thermodynamic state of the burned and unburned par-
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ticles is calculated using the first law of thermodynamics and the volume constraint
of the comb_ﬁstibn chamber.
‘ ) ) ) ,.__I.

After ignition, the burned particles constitute the flame kernel. The flame
{ront propagates by entraining unburned particles in the burned volume behind the
flarne front, This volume is assumed to be a partially stirred reactor. A turbulent
entrainment model similar to Blizard and Keck (1974) is used to describe the rate of
entrainment. The entrainment speed is a fuhcﬁion of turbulence intensity (Tabaczyn-
ski et al, 1977). The pa.rtilclcs in the partially stirred reactor mix in a binary fashion
at a frequency determined by the turbulence intensity. The turbulence intensity is
calculated assuming the rapid distortion theory for a spherical eddy in a homoge-
neous turbulent field (Morel and Mansour, 1982). The turbulence intensity in this
simplificd model depends on the unburned density. The binary  mixing of particles
are as;s"umcd to occur instantaneously, and separation occurs immediately after mix-
ing. The resulting two particles have identical species conéentration, temperature
and volume. The burning of particles will take place when a burned particle is mixed
with an unburned, or a burning with other particles. All three types of particles:

unburned, burned, and burning particles can co-exist in the partially stirred reactor. -

. 'T'his is consistent with the experimental observation by Namazian et al (1980).

The evolution of species and temperature of the burning parﬁicles is de-
scribed by a set of chemical rate equations for all spec.ies applied to each burning
particle. Using the first law and assuming a perfect gas, an expression for the rate
of temperature rise is derived. An expression describing the rate of pressure tise is.
also obtained by applying the perfect gas law to the ensemble of particles and using
the chamber volume constraint. These equations are solved simultaneously. The
results give the species concentration and temperature of each burning paEicle, and

the pressure of the system at each instant of time.

This model incorporates a turbulent flame front, finite rate turbulent mixing



and finite rate chemlstry It dlffers from othe:r phenomenologlcal models by incor-
porating temperature and spec1es stratification. It is more accurate than using an '
average value of temperature, since thé spemﬁc reaction rate gwcn by Arlhcmus is
extremely sensitive to temperature, as demonst:ra,ted by Pratt (19’? 6). The inclusion -
of the chemical rate in the model is an important feature. As shown in the literature
survey, other models studying misfire do not include chemical rate explicitly; they
use the laminar flame speed correlation. However, the compm‘iéon of chemical time
with turbulent miking (diffusion) time is important in the study of lean tmisfire.
Peters (1979) s<ta.ted that ‘if the time required to complete the chemical reactions
is longer than the time it takes for chemical species and energy to be transported,
away from the reaction zone, the flame will go out.” Explicit chemical rate in the '

model facilitates such a comparison.
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CHAPTER 2
SUPPORTING MODELS o

%

2.1 IGNITION

—Phe-gtitionis odeted-by bUTTing completély Thé mixture within thiespark
gap (luri;lg the specified ignition duration. The ignition energy is equally distributed
among the burned particles. The thermodynamic states of the burned and unburned
gases arc caleulated using the first law . The first law applied to the unburned gas

outside the spark gap is expressed as,
Ty — By =0Q =W,y (la)

where 2, , and I, are respectively the internal energy of unburned gas be[or‘e and
after ignition, @ is the heat transferred to the unbﬁrned gas and W, is the work
" done by the unburned gas. Assuming that the process is adiabatic, and that the
ignition energy is delivered to the burned gas only, then the heat transfer term @ is
zero and the first law applied to the unburned is rewritten as
) Ey=L,,-W, (1b)
1

The first law applicd Lo the burned gas is
Ly — FEpo=0Q — W5 ‘ (2a)

where £y, and K}y are respectively the internal energy of the burned gas before and

after ignition, (0 is the heat transferred to the burned gas, and 1/ is the work done

by the burned gas. Here, the heat transfer is equal to the ignition enérgy. Tucrefore
. >

the first law l)v('umt',%

[fh — lgb‘o + E"S'" - 1Vb . (2[))
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where By, is the ignition energy transferred to the burned gas. It is to be u,o\l.ucl
that [, represents the amount of energy transferred to thé ignited gas rather than
the total améunt thz\xt the spark plug .prodilccs. In reality the energy supplied by
ignition system is part\i:'t‘.lly lo'.v.L. by heat transfer through the spark plug electrodes.

This treatment is beyond 'the scope ol the present study,

The work terms 1V, and 1§ in equations (1) and (2b) are determined by

the change in_pressure-and—volmmeo the-trburned—mt-hrmed-gases dring e
spark duration; they are
ro_ IV J .
Wy = = [ Pdy, (Ha)
Wi = — [V, (-lav)

Since the spark duration is short. the variation of pressure can be assumed
lincar. The integrals arve approximated usintg the trapezoidal rule, amd cquation ()

and (4a) become,

Wy o= £y, -1, ) . (30)
, Wy = L1y -y ) (A1)

where subscript o denotes properties before ignition, and £ is the pressure alter
ignition. The unburned gas undergoes an isentropic compression from its inilial

pressure I to the pressure P Therefore the unburned volume s given by
: P -
l'u = lu,u('}f) /4 (’)

where 7 is the ratio of specific heat. The voluime of the burned gas is expressed

using the perfect gas law.,

where Ty is the burned temperature.
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Substituting the unburned volume V, in equation (3b) using ?(iua_tio’n (5)
and replacing the work term in equation (1b), the first law applied to the unburned

gas is rewritten as

. Eu = Eu,o it &%En(vu,o(%)”? - Vu,o)

—
-]
——

Substituting the burned gas volume Vj in equation (4b) using equation (6)

and replacing the work term in equation (2b) the first-law_applied-totheburned

gas 1s expressed as

] 1 -y 2 2 R )
['4, = l'lb,o + biyn - Lzﬁ“(&pﬂh - Vb,o)

The volume of the combustion chamber can be expressed as,
V=V, +W - (9a)

Heplacing the unburned and burned gas volumes (V, and V;) in equation (9a) using
cquation (3} and (6),

: Vo= V(g 4 Sadlds i ) (9)

The three unknowns in equations (7), (8), (9) are the temperatures of the
burned and unburned gases, and the pressure. The system of equations is closed

since there are three unknowns in three equations.

The input variables to the ignition model are the initial temperature and
pressure and equivalence ratio, spark timing, spark duration, spark gap distance,
tgnition energy, and the number of equal mass particlés corresponding to the volume
of the ignited gas. The volume of the igI;itQ;(;I gas is assumed to be equal to the spark
gap volume. This volume is estimated to be either a cylindrical volume %‘H‘({l[ or a
spherical volume t]—irrl':;..wlwro d, the electrode diameter, is equal to 2.5 mm, and [ is

the spark gap dismw&mmlmbcr of particles in the chamber is calculated

as
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N =y B (10

where N is the calculated number of particles in the combustion chamber, V is the
volume of the combustion chamber and N, is the number of particles ignited. The
computer progr&xrr\1 for the igni‘tion model is included in the main program listed in
appendix (A). The solution requires calculation of the internal energics of burned

(£s) and unburned (£,). The calculations of the internal energics are discussed in

—appendix-{B):

2.2 TURBULENT ENTRAINMENT

After ignition, the unburned mass will be entrained into the Hame zone al

a rate determined by (Blizard and Keck, 1974)

L}%‘ = pu e, . (11)
!

wlherc me is the entrained mass, p, is the uuburncd density, A, is the ame front
areq, u, is the entrainment velocity. Models for the flame front area and entrainment,
velocity are required. The flame front is assumed to grow spherically lrom the spark
plug located at the top of the disk shape combustion chamber (IMigure 1), The
model for entrainment velocity is taken from Tabaczynski et al (1977). The authors
extended the model for entrainment velocity given by Blizard and Keck (1974) by
assuming that the cntraiilment velocity u. is equal to the sam of the turbulence
intensity ' ( root mean sq/ua.rc of the velocity fluctuation component ) and the

l[amninar flame speed 5.
: ue = u' 4+ 5 (12)

However, Daneshyar and il (1988) estimated the entrainment velocity using the

following relation,
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we= [P+ S (12b)

wlncfu Pu is the unburned density and py is the burped density. Milane"'_and Hill
(1988) confirmed the validity of this relationship with extensive experimental work,
and suggested that equation (12b) is a better model than equation(12a). Thefefore,
the present study uses equation(12b) for the entrainment velocity. The laminar

{Hrme—sT)eefl—m9fleLef—uan—Ti-ggclcn_(-IQSJ-)Js_usnﬂ ;

Sy = KCn[Y}YS exp(— 7o) ? ' (13)
/BRT,
Cm = M,

P

. 2o,
k=7 m)"

. T =Ty + 0.TKTY — 1)

where (', is the mean molecular speed of chain carriers whose mean mol.ecular
weight is M. Yy is the mole fraction of fuel molecules in the unburned mixture, Yo,
15 the mole fraction of oxygen molecules in unburned mixture, a and b are reaction
ordiers with respect to fuel and oxygen respectively, and E is the activation encrgy.
T 15 the mean temperature of the reaction zone as proposed by van Tiggelen and
Puval (1967). A is a dimensionless parameter dependent on pressure P and P
15 equal to 1 atm. The kinetic parameters for propane proposed by van Tiggelen
(1957) are

M, =31 g/mole a = —0.06

-« = —0.46 b= 1.46

I =377 Keal/mole

_The turbulence intensity in equation (12b) is described by the rapid distor-
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tion theory for compression of spherical eddies as discussed in Morel and Mansour

(1982), o

P =-3D ' (14)

.& .
where the turbulent kinetic energy I is %u'?' and D is the velocity divcrg'uncu. The

conservation of mass is

% =-D | (15),

where p is the density. Replacing D in equation (14) by equation (15),

1dK _ 21d .

Here the turbulence is assumed homogeneous in the combustion chamber. At any

time after intake \:'zglve closing, the turbulence intensity is calculated by integrating.

equation (16),

o =u'0(£f—;‘-ﬁ)1"’3 (17)

o

'
where u} is the turbulence intensity at intake valve closing, py, is the unburned

density at intake valve closing, and p, is the instantaneous unburned density.

At any instant of time, the turbulence intensity, the laminar flame specd

and entrainment velocity are calculated by subroutine SPEED listed in appendix

(C).

2.3 TURBULENT MIXING

~

The entrained volume behind the flame front is considered Lo be a par-
tially stirred reactor, where binary mixing of particles is assumed (Pratt,1976). The
number of mixing pairs in a given period of time At is determined by the mixing

frequency and the total number of particles in the reactor,
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N = wN At | | (18)

,wlur'ré Ny is the number of mixing pairs, N; is the total number of particles in

reactor, and w is the mixing frequency.

2.3.1 MIXING FREQUENCY

The mixing frequency.is related to the turbulent kinetic energy K7, and

dissipation of the turbulent kinetic energy Ep (see Milane et al, 1983) as,

E .
w~ gk (19)
I'he dissipation is expressed as,

. .3/2
Frr ~ ]\[:E

where [ is the integral length scale.

The conservation of angular momentum of large eddies gives;
KiPL stant 21
vy L ~ constan (21)

Substituting for L in equation {20a) using equation (21), the dissipation is expressed
as, .
Ep ~ K% - : (20b)
Replacing for Fp in equation (19) using equation (20b),
.

w=Cu" (22)

where (7 is an empirical constant to be determined using experimental data.

2.3.2 RANDOM SELECTION OF MIXING PAIRS
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Each partlcle in the partially stxrred reactor is ass1gned a number according
to the order in which it enters the reactor A random number gcnemtor is used to
select the Ny, pairs ‘which will mix. The ra.ndom number generator is described in
subroutine GGUD, whose listing is in the IMSL library 6{ the main frame computer
of University of Ott',a.wa;.'_Subroutiné GGUD. gelécts a desired number of integers

between one and the total number of particles (N¢) in the entrained volume. Sub-

routiie GGUD is called Ny, times. Two integers representing the mixing pair arc
sclected cach time. If any one of the two particles has already. been sclected in the

same period of time, subroutine GGUD is called again until a new bair of particles

is selected.

2.3.3 BINARY MIXING

The mixing process assumes that two particles mix and separate instan-
" taneously. They become identical after mixing. During the mixing process, the
composition is assumed ‘frozen’. Therelore, the conservation of species applied 'to .
the system of two particles yields that the fuel fraction (ratio of mass of fuel to total
mass) alter mixing is the arithmetic average fuel fraction of the two particies hefore

mixing,
Fy = Bih (23)

where Fj and F are the fuel fraction of the two particles before mixing and [ is
their fuel fraction after mixing. The total volume does not change during mixing

because the composition is frozen and mixing takes place instantancously,

Voly = Yelit¥ol (24)

where Voly, Voly are the volume of the two particles before mixing and Vols is the

volume of each particle after mixing.
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The temperature after mixiﬁg_is calculated using the first law written for

the pair of mixing particles,

dt/ = d@Q) — PdV

.r'/‘. - : . . - . ‘
ASince [rozen composition is assumed, heat release by combustion and heal transfer

to neighbouring particles is nil (dQ = 0), and the total volume does 'not change,

(dV = 0). The first law becomes

dU =10

therefore,
= U+ Us =204 - . (25)

where Uy and Uy are Lhe internal energies of two particles before mixing and Uy is

- .
o theintermebenergy of cach particle after mixing . ‘

The internal energies are calculated as a function of temperature and specics
composition  see appendix (B) ). Equation (23) is solved by iterating on the tem-

perature after mixing until the caleulated internal energy converges to 2U5. These

calculations are performed by subroutine MINFRO listed in appendix (D).

The turbulent mixing is performed by subroutine RANMIX listed in ap-
pendix (E). Thé subroutine RANMIX calls subroutines GGUD and MIXFRO. The
results of MIXIRO are the initial conditions of the thermodynamic states of parti-

cles for the time iutvr\‘ell'.l.
2.4 GOVERNING EQUATIONS FOR THERMODYNAMIC STATES

2.4.1 CHEMICAL RATE EQUATIONS
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The globai reaction/ equation for the combustion of propane and air is as-

sumed for each bur'mi ticle,
C3Hg + §02 + B3Ny — (5 = 5)02 + 3C0; + 41 H20 + BTN,

©(26)

where ¢ is the equivalence ratio defined as

b = actual air fuelratic
T stoichiometricasr fuelralio

The reaction rate is described by the single step reaction mechanism of Westbrook:

a.md_ Dryer (1981),
b = _ Aexp(~E/RT)XPY] (27)

where X; is the concentration of propane in moles/cc and subscripl 7 denotes the
ith burning particle, T} is the temperature of the mixture, Y] is the concentration oI"
oXygen in moles/dc, A is the pre-exponential constant, £ is the activation encrgy,
and a,b are empirical constants. The authors sgggested the following values of the
constants for a singie step propane in air reaction.
| E =30.0 Kcal/mole A =8.6x 10" Kcal/mole
a=0.1" b=1.65

(27} can be rewritten as
42 — _ Aviexp(—E/RT;)z?y! (28)

where z;, y; are respectively the moles of fuel and oxygen per gram of mixture, and
v; is the specific volume of mixﬁure. The rates of change of the number of moles of
species per gram of mixture for oxygen yi, carbon dioxide z;, water w;i and nitrogen
v; are related to that of propane z; by the stoichiometric coefficients of the reaction

equation (2\6),
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G-k T (30)
du —4"’;  " (31)

dy =0 (32)

2.4.2-RATE OF TEMPERATURE RISE OF A BURNING PARTICLE

The temperature of a burning particle which is required in (28) is calculated

using the first law of thermodynamics applied to the individual particle z,
duy _ . dy, .
at =0~ Py (33)

where uj, ¢ and v; are specific quantities. In an adiabatic process the heat transfer

is zero (¢ = 0). The specific internal energy is, N
1
'\

uy = Mexjug + Afyy,'uy + AJ,,V,-u,., + M.ziu. + Mapwiu, (34)

where x4, yi, v, 2;, w; are respectively the moles of species per gram of mixture
for C3Hg, O3, N2, CO2 and H»O for particle ¢, My, My, M,, M:, M,, are molecular
weight of species, in gram/mole of species and uz, uy, uy, uz, Uy are specific internal

energies of species in cal/gram of species. The derivative of equation (34) is

du; ‘=11/Ix:r,-du,: + Myyiduy + Myvidu, + Mywdu,,
+Maugde + Myuydy; + Myuydy; + Moudz; + Myupdw;

el

. (35)

The change of internal cnergy of each species is expressed in terms of the specific

heat at constant volume C,.

duy = C,, dT;
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duy = Cy dT;

du, = Cy, dT;

du. = C,,dT; '
O

duy = Cvu,de

Replacing the above terms as well as dy;, dv;,dzi, dw; in equations (35) using equa-
tions (29), (30), (31), {32), and rearranging,’ :
| %L =(A’Izmicu, + f‘wyyicvy + Mul’icuy + M.2,Co, + A’Iwwicvw)ﬂl

!
+(11/I;'UI + 5f‘r’fyuy — 311’[:‘“_: —_— ‘h\f{wuw)%
(36)
N

Eliminating the derivative of internal energy by equat{qg equation (33) and equation

(36) and rearranging,

CaT | =S (Mous 5 Myu,—3Meu—AMune) - P
A T2 ¥ M iCoy + My 50y ¥ M2, s, M ow Oy,

The. derivative of specific volume (%‘—;‘) is required in equation (37). The

perfect gas law applied to particle ¢,

Pv; = 2 RT;

m

where m is the mass of the particle, R is the universal gas constant and n; is the

N
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ng = m(zi +yi + vi + 2+ w;)

¢ -

Therefore, the specific volume v; is expressed as,

(I.-l;yi+vi+:i+tl'i)l|‘.'1'.
7

v = I;

The derivative of specific volume is
d

doy o(dry g g di g B RE L gt w) B
(’I+JI+V|+~:+“"I)'“§L"[E

(38)

dv

bubsthulm&, i (equation (38)) in equation (37), and simplifying using equations

)

(2‘)) to (‘ ")1

dr, ‘“‘ AT - \!,u,—{-oM ny —=3Mow 4 Mo (e yitmtzitn )—," ‘“:
rlt (M :.C.,,-i-,\!yu.(,‘. + Mo, Cop, +M 5 Cy Mg, ..w)+(:r +u.+u‘+-.+w R

(39a)

Fauation (39a)is composed of several terms. The internal encrgy per mole
l g

of mixture for particle 7 is,

U= Mpug +5Mpuy —3Mu. — M puy

The specific heat at constant volume of particle 7 is,

Co, = MG, + .«\l_.,y,C,.y A MpwiCpy + MoziCy, + MpwiCh,

The nmuber of moles per gram of mixture in particle 7 is,

- Ni= iy b i b s
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Equation (39a) is rewritten as f

] | ST BT -Um)N(Bhydr ' (301)
T T G+ (VR o
\

2.4.3 RATE OF PRESSURE RISE OF THE SYSTEM

e

-

The rate of change of temperature of a burning particle deépends on the
value of pressure, the rate of change of pressure, and the concentrations of (li![‘vro/
species. The rate of change of pressure in the system is derived using the perlect gas
law applied to the ensemble of particles in the chamber, composed of Ny bhurning,
N7 unburned and N3 burned particles. The p('rl'(‘rd. gas law applied to cach burning

particle is®
PV = ni RT; (10a)

where ff s the universal gas constant. The perfect gas law applied to Ny burning

particles 1s

Nl Ny ‘ €
PY Vi=nRrY ot (100)
1=1 i=1

The perfect gas law applied to cach unburned particle is
PV, =, RT, ) (Hla)

where g = (X, + Y, + )

The perfect gas law gpplicd to Ny identical unburned particles is
Noe PV = Ny RT, {(1th) ~

The perfect gas law applicd to each burned particle is
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PV; =n;RT; (42a)

where ) nj = m(Y; + Zi+ v+ W)

The peclect gas law applied to Ny burned parlicles is
Ny Ny )
P Vi=RY 0, {120}
j=1 =1 .

Therelore, the perfect gas law applied to the ensemble of particles is obtained by
summing cquations (40b), (41bh), (12b),
Na Ny
Zl + N, \u—i—Z\ an +1‘\JH"["+ZNJ (13a)

1=1 J=1 i=1

The volute of Lthe chamber Vs expressed as,

Z Vi 4+ NV + Z V
=1
Therefore, cquation (13a) is wriLi.cﬁ as.,
Na
Py Z T+ Nong Ty + Z n;1Ty) (-13Dh)

t=|
The expression for the rate of pressure rise is calculated by taking the derivative of
cauation (13b), .
Ny
-df dl : v d dly P iy dly
Vo P = RIS RS+ g )+ Mol TS + )

\‘ ! dl’
v .
‘*‘Zl (7S +migrt)]
J"' .

(H1)

The composition of the unburned and burned particles does not change, therefore

the numiber of moles rentains constant,

dug, _ odny ' e
v TRt =0 . (1‘))
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Also, the rate of change of the number of moles for cach burning particle is
ding _ . rdr iﬁ dy, | d: daw
ot =mg +4g + )

dt dt dt dl

-~

Replacing %,%‘, 'f—? and & "" using cquations (29) to (32),

I, { .
g = —mSp : (-16)
Therefore equation (44) is rewritten as, .
dp I o, S
Ve P‘ = IE[ZI —mL 1 +n“ﬁ) + Namy S+ ZI ny =it
1= )=

(47}

The derivatives of the temperature of burned and unburned are caleulated assuming
isentropic relations. The temperature of the unburned particle is, .

. ot Pl . ,

Iy = [u,[)(TJ:) Tu (18)
where T, and P, are initial unburned temperature and pressure, and 7, is the ratio
of specific heat for unburned gas at T, and P. The temperature of a burned particle
s, : \

-1

g P

Ty =Tl )™ (19)
where T} , 1s the initial temperature of burned particle j and 4, is Lhe ratio of specilic

heat of particle j at 7} and P. )

Thercfore, the rates of change of unburned and burned temperatires are respectively,
: £ !

. _— ~ ]
=T ) (sl pra (50)
and
g =1
iy - - -1 ":L, ’ -
T =Thely) ()T g (o)
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Re pl«um[., '” and '”,‘ in cquation (44) by equation (50) and (51), -

i P dlf R it _ .[‘ dz, dT
W + =4 Z( LSXT it d! )
i=1

. u—! -1,
+Nf,n,,1“(71,;) W (=P w-f,’-’
7,1

| tp
+Z[”1 ol 7!" K (T-“ )P 1",_1['

Now, the term 25 is eliminated from equation (52) using oc uation (39b),
dl 1 2 [

Ny HT, vap
N AT Y L modr R <Umy+ N ()4
Vir P = h’{zl(—ml,—;ﬁ*-%—n, AT L
1=
+N'.£”u’]'u.u(l71_ ( e P-_'-'[!P
o " I Tu
L] =
- rp 1 ¥, - - i
+ 2T (5P A
J=

Rearranging,

Ny
d=, n (R, =tm .
RZ{ i, +—L“-( 'N(n)]]} Pa-
df’ o =1
ol I Na -1
) Bkl R . Iu=! - - - - AL ~- =L
{‘ “Z[t. EEAY] "Vl"'-lum(,lTu) Tu (L,ul)f’ ‘n—Z[n_,IJ.a{F';) " {L:T)P i) }

J=1

(5:3}>

The set of ordinary differential equations describing the evolution of ther-
13

modynamic properties during a time interval is equation (283, (29), (30), (31), (32),

(39h) for each burning particle and cquation (53) for the entire ensemble of parti-
cles. Therefore, the number of equations is 6V + 1, for V) burning particles. The
mnknowns are the number of moles of the five species (CaHg, Oy Ny, €Oy, 1H,0)
per gram of mixture in each burning particle (5, unknowns), the temperature of
cach burning particle (another Ny unknowns), and the pressure in the chamber.

Therefore, a total of 6N) + | unknowns are to be solved. This set of equations is
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handled by subroutine I\'INVET in appendix (F). .
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~ CHAPTER 3
METHODS OF SOLUTION

7

After ignition, the {lamc propagation, turbulent mixing aud chemical reac-
tion take place simultancously. The governing equations are solved nunierically by
discretizing the continuous phenomena of flame propagation and turbulent mixing.
The solution procedure of ignition, turbulent entrainment, binary mixing, and the

thermodynamic states of particles are discussed in the following sections.

3.1 IGNITION

As discussed in section 2.1, ignition is described by three equations, cqua-
tions (7), (8), and (9). The three unknowns are the temperatures of the burned
partictes 73, and unburned particles Ty, and the pressure of the system P. The mix-
ture conditions before ignition are calculated assuming isentropic compression {rom

the closing of the intake valve to the time of ignition,

where Pyyand 15, are pressure and temperature at the closing of the intake valve,
Vi is the chamber volume at closing of the intake valve, P, and T, are respectively
the pressure and temperature after the spark event when the chamber volume is Va,

and 4 is the specific heat satio of Ll)hmburncd mixture.

- The volumes V4, and 1, corresponding to given crank angles are calculated

by function subroutine VTO(CA). This function calculates the volume of the com-
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bustion chamber as a function of crank angle, given the cylinder dimensicus ( sec

Table 1 ). The listing of VT'O(CA) is in appendix (G)

The ratio of specific heat + is obtained from subroutine UPROP in appendix
(IT). Since « is dependent on temperature, its value is updated for new temperature

evary 0.5 crank angle using equations (54) and (55).

Now that the mixture conditions before'ignition are obtained, the governing

equations of ignition, equations (7),(8) and (9), can be solved,

»

Ey = By — BV, () - Vi) (7)
' LAl

£y = Eb,o + Eiyn - L;%!'u(%m - ‘v"fb,o) . (§)

V=V.+V )

An iteration method is used :,

L

1. The initial guess of pressure P is taken as the pressure before ignition.

2. This pressure is used to calculate the volume and temperature of unburned

gas assuming isentropic relations,

: Vi = Vol B2)7 (56).
Ty = To($=)5 ()

3. The volume of burned gas is calculated using (9),

V=V -V,

4. The temperature of burned gas is given by the perfect gas law,

m o WP
Ty=om
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5. 'The internal energies of burned and unburned after ignition, 5 and £y,
are obtained by subroutines CLDPRD and UPROP in appendix (). The
micthod of caleulation is explained in appendix (B),

6. The internal energies before ignition for the unburned gas within the spark

gap L7, and the rest of the chamber £y 0 are caleulitedDy equations (7)

and (8).

-1

Il the calealated values of £y, and [y 5 ave close to the actual values £y,
and I, corresponding to the temperatures before ignition, the solution has

converged,

LT

I'—u.d

aned

2 b.r‘):‘l'-h ul < ¢

where ¢ is a small positive number.,

8. Il their caleulated values are either greater or smaller than the actual values,

or

®

then the pressure is guessed using the Half Interval Method (Carhahan et

al, 1969), and the solution is iterated again from step (2).
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3.2 TURBULENT ENTRAINMENT

Mass entrainment is calculated by integrating equation (11) using DPuler’s

rule >

Cme(t + AL — me(t) = puAcue At (58)

-

where m (¢ +At)—m.(t) isthe mass to be entrained in the time inlx.‘.r_vnI‘A!.

This mass m(t -+ At)-—mﬁ? may nof correspond to an integer number of particles.
Any fraction in excess of th

integer is counted in the next time interval, Now, the

flame [ront area A, is calculated assuming that the flame propagates hemispherically
from the spark plug (sec Figure 1). In general, the volume of this hemisphere can

be writien as

V., = _I;]h(ar‘g + BR: — ryRsinfB)dz | | (59a)
wheres
cosa = (r? 4 r? —ﬁ?c?")/ér; ' {59h)
cosf = (7";) + R — %) /2r, R, (."J!J_u) '
=2 ? (59}

a7 and z are shown in Figure 1, R, is half the bore of the cylinder, kb is the
chamber height, and r, is the entrainment radius. Before the flame reaches the

piston and the side wall, « is equal to = and 8 is equal to 0. Therefore, (h9a) is

simplified to

V. =

[} 1]
L]

7 (60)
and the flame {ront area is

A, = 21 . (61)

After the flame reaches the piston or the side wall, a Newton Raphson iteration
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method is required to calculate the flame front area. (59a) is rewritten as
Fre) = fH(ar? + BR — r4RsinB)dz - V, (62)

The derivative of F(r.) with respect to the entrained radius r. is also required in

Lhe Newton Raphson method,

“

( 'r., h )
el = Ac(re) = 2rc fy adz (63)

Aw initial guess of r, is needed to start the iteration. The (K + 1) iterated value
ol 7. 1 terms of its ¥y, iterated value, according to the Newton Raphson method,

i

F|‘f._- k) B (ﬁ‘i)

Fek+1 = Tek = Flre)

T'he solution converges when the following is satisfied,
' l7'c,k+1 - re.k! <€

A

where ¢ is a small positive number. This method essentially iterates on F'(r.) until
it is equal to a small number. Once the solutioﬁ for re is calculated, the flame front
arca A.(r.) is obtained from equation (63). The above calculation of the flame front

arca is performed by the subroutine SHAPE; the listing is found in appendix (I).

3.3 BINARY MIXING

The thermodynamic states of the mixing pairs are calculated for burning
and burned particles. In order to recognize whether a particle is unburned, burning
or burned, an index is assigned to each of them according to the fuel fraction. If a
particle’s fuel fraction is equal to that of an unburned particle, the index is assigned
to be 2, If the fuel fraction is zero, it is fully burned, and the index is 3. Otherwise,

the index is 1, indicating a burning particle. The mass of fuel is related to the
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concentration. The fuel fraction of an unburned particle can:))c determined by the

stoichiometic coefficients of the chemical reaction equation.

The thermodynamic state of a particle is determined by its composition,

volume and temperature. The composition and volume of particles after mixing are

their average values before mixing. The temperature after mixing is given by the

first law (equation (25)),

Uy + Uy =204

!
/

. . . ’ g il .
An iteration pl‘OCCdll[‘C 15 US(.’.(l to obtam Lhe fmal LCIII[)(.‘[‘ELLIII'L‘ (‘.01‘1‘(:5;)011(11{11; '

to the internal energy U3.

1.

bo

The initial guessed temperature Tgyc,s is the average temperature of the

pair before mixing.

The total internal energy Upyess is calculated from Tyycqy using polynomial
curve fitting of thermodynamic properties in the JANAF Tables (1971).

The method of calculation is decribed in appendix {B).

If the calculated internal energy Ujycsais close to the actual value 203, the

solution of the temperature is adequate.

ZUJ"Ugucu <
20, ¢

. Otherwise, the temperature is adjusted to Tq.z¢ as follows, and iteration

repeated {rom step (2).

2U3 - Uyuc.u = mcv(, nezt — Tgucss) (ﬁ-rl)

‘\
Cy is the heat capacity at constant volume. Rearranging equation (65), ;
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Ue.rm: _U ues ’
Thezt = _—‘,;,_'C':g_ + Tgucss ' (66)

3.4 GOVERNING EQUATIONS FOR THERMODYNAMIC STATES

The thermodynaniic state of a burning particle is determined by the species
concentrations, temperature and volume, These properties are calculated using the
chemical rate equations for propane, oxygen, carbon dioxide, water, nitrogen and

the equation for the rate of temperature rise of a burning particle.

4 = — Aviexp(~ B/ RT,)s{y} (28)
du _ 5dz, (29)
=3 (30)

du = _gds (31)

e =0 - e

 Fquations (29) to (32) can be replaced by algebraic relationships,

¥i = Vi +5(zi — Tip) (67)
%= 2zip — (T — Tio) (68)
w; = Wi,e — 4(Ti = Tio) (69)

Vi = Vi (70)

where the initial moles of species per grams of mixture are y; o, Zj 0, Wi 0, ¥i,0 T€SPEC-

tively.

The thermodynamic properties of burned and unburned particles are calcu-
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lated using the isentropic relations provided by the equation for the rate of pressures -

rise,

Ny
dx n{RT -Um;) 4V
P RZ{#[‘"‘T"*‘ Co, + (A J}‘P%
{ —_ 1=
T Ny RT, Nq ¥, =1 .
niN; =1y e TR R Sk PR S
{V“Z[c_wr;f_ﬁ:‘)]‘NafluTu.o(ﬂ;) (WP Y Tl T (Y }
im] =i

(53)

where the following terms in equation (53) calculate the rate of temperature rise for

ihe unburned and burned particles respectively.

sl a1y g p {1
Tuo(f) ™ (1-_% )P dl = d
LN vty pmtap L di
Tj,o(‘p;) K ( P )P nr_Jf = N

The ordinary differential equations (ODE), to be solved are the rate equa-
tion of propane (equation (28)), temperature of cach burning particle (equation
(39b)) given by the first law, and the pressure derivative (equation (53)). 1f the
number of burning particles in a time step is Ny, then the ODE system consists of
N| rate equations, N temperature equations and one pressure cquation, a total of

2N; + 1 equations. , | f

Several methods to solve the set of (ODE) are attempted, and the one withi
least computing time and moderate accuracy is selected. If no burning particles are
present in the time interval, subroutine ISCOMP in appendix (J) is used to perform

isentropic compression calculations.

3.4.1 ORDINARY DIFFERENTIAL EQUATIOT\V SOLVERS

The first method. considered was DGEAR. This subroutine is in the IMSI,
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library of the main frame computer at the University 61' Ottawa. DGEAR is capable
of dealing with a wide Qariety of ODE’s. It uses the variable order Adams predicfor
corrector method if the user spﬂ'cciﬁcs that the ODE system is ﬁon-stiff, or the Gears
backward differential formula if a stiff system is specified. The method of DGEAR
‘was appealing because of its capability to solve a stiff system, which is typically the
case for chemical rate equations. The program is accessible and ready to be used.
The user specifies cither one of the two basic methods (Adams or Gears), and the
desired tolerance for error, the initial step size, and one of six methods of corrector
iteration. DGEAR automatically selects the step size to minimize computing time.
The algorithm is adapted from a package designed by Hindmarsh (1974) based on
Gear's subroutine DIFSUB (1971). A similar method by Hindmarsh called LSODE
(1980) was evaluated by Radhakrishnan (1985) for a batch reactor, and it was found
to be very efficient for the test problem. However, upon testing DGEAR with the
present model, DGEAR was found to be very seusitive to the specified tolerance,
initial step size and corrector iteration method used, but relatively insensitive to
whether the stifl method of Gear or the non-stifl method of Adams is used. Most
importantly, the computing time was excessively long. The results constantly in-
dicated that a large number of steps were taken. If the tolerance and initial step
size is increased in order to reduce the -number of steps, warning and error messages
indicate that the step sue was reduced more than once and the error bound was
exceeded.  After experimenting with different values of tolerance, initial step size
and different corrector iteration methods, it was found that small tolerance and ini-
tial step size yielded most stable computation at the expense of longer computing
tiime. The user attempted to obtain the listing of DGEAR in order to understand
its detail algorithm, but did not succeed due to the copyright protection policy of
IMSL. Both the Adams predictor corrector method and Gear backward differenti-
ation formula are implicit linear multistep methods. Since DGEAR did not yield

~

satisfactory results, an explicit one step method was considered,
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'Thle Runge-Kutta fourth order method is often used among cx}ilicit one step
methods. Among the different Runge-Kutta methods, the one derived by England
(1969) is a fourth order six stage method having an error catlmate valid fm & systvm
- of non-linear equations. The error estimate at cach step lb used Lo control step size,
and minimize the number of steps required, hence minimizing computing time. The
initial Step size and tolerance are required in this method. It was found that the
solution is sensitive to the values of initial step size nnd Lolelzramcc. The iteration in
each step requires excelssive computing time, and the method was not as ellicient as
DGEAR. If the initial step sizc and tolerance are very small, Engl;u;(l‘s method is
oven slower than DGEAR. However this method accepts large values of initial step
size and tolerance but DGEAR docs not. This s.tudy shows that DGEAR is more

efficient than England for the same level of accuracy.

Since DGEAR and Runge-Kutta methods are designed for general systems
of ODE, it was then decided to test a method specifically designed for chemical rate
equations. A method developed by Young and Boris (1977) (called CHEMEQ) uses
a second order predictor-corrector method. It determines the st equations among -
the system equations, and applies wn asymptotic i}ltegratiorl method. The other
normal equations (non:stifl) are Lr'eate’d using Euler’s predictor and the trapezoidal
rule as the corrector. The user specifies the error tolerance, The initial step is
automaticall.'y determined. The step size control is based on the number of iLerations
required to achieve convergence. If the step convergesin a small number of iterations,
the step size is increased. If the step does not converge wn}nn a specified number of
iterations, the step size is reduced and the calculation of the step is repeated. The
algorithm is simpler than the Runge-Kutta method, and most importantly, requires

A

fewer iterations al each step. '\

\

\

3.4.2 THE ADOPTED METHOD \
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The method by Young and Boris (1977) is designed to solve chemical rate

o+ equation inthe formm of; w T e T

A 2 RGY

T
"

where € is the production rate and 1 is Lthe equilibralion time. Rewriting equgtion
. ’ { M

(71),
Anll o HONEEN (72)
where sy =Quo -2l . . (73)

"The initial step size is taken as proportional to the minimum of the characteristic

. (N ‘ ‘ y .
time !-’;—'-((T,% among all the L'q‘lntl()llb‘,
]

B 4 -

SERPETRTre- 1] (1) K
&t = f nun{——-—-y.w}}
where ¢ is a scale Tactor typically of order 1073, An cqua.tié)n is considercd stifl if

the production tenin @Q; and the dissipation term n;/7 are large and nearly equal.

&t
n{0)

This is delérmined by, -+ » >1 . ' - (75)
For normal equations, -]",ulcr’s ll'lcl.hd_(l is wsed ns‘prcc’li.cltor, |

.;r,-(l) = :r,'(l]) + mq.(o') for norﬁml equalions. ' ‘ (76)

...'uul l..lu‘ trnp(_‘zoitlal.ruli:risv}sie(l as the cq‘rcct.or,

wifm + 1) = xi(0) + %‘![;;,'(ml) +4:(0)] | (77)

For stiff equations, an asymptotic integration method is used. The predictor is,

l,(l) — r (027 {0)—81]+2617.(0)Q.(0) _ . (78)

27 {0)-6¢ -

o

it .
and the corrector is,
13

B {2 0 () (0OHQ (M) + QU0+ £ {0)[r ()47 [0)—48])
ri(m 1), = (o) +m 0)+81)




A. step converges when consccutive corrector iterations yicld nearly equal results,

indicated by the local error being smaller than the specified tolerance, R

’ lx.(111+1);x.(| i . T e
min[,x:.(m-{-l),:.?mﬂ <& (80)

where €3 is of order 1073, If convergence is not achieved in two to four iterations,
the step size is reduced by a factor of two to three and the caleulation of the step
is repeated. This w:fs found to be more efficient than reducing the step size by a
factor of less than two. If convcrgc‘nce is achieved in one or Lwo iterations, the step
size is increased by 5-10% for the next step. It was found that increasing the step
size by more than 10% would be less efficient due to the need to reduce the step size
again in the neXt siep.

Upon applying this method to the présent problem, it sz:;‘ found that none
of the equations' met the criterion for stiflness. Therefore, only the predictor and ™~
corrector for normal equations are used. The fact that the chemical rate equations in
this model are n(‘)n-stiﬂ' may be explained by Radladlu‘ishna(((H)h'.")), who stated that
“The problem ofl stiffness in chemical kinetics is the resalt of widely varying rates
of change in different species’. Since there is only one rate equation for propane
in the model, widely varying rates of change in different species are not. present in
the model. Also the initial step size is determined i)S( equation {74) can sometimes
be an order of magnitude smaller than the last step size used in the previous Lime”
mterval. In order to prevent an excessively small initial step size, equakion (74) is

extended as,

&t = nazxc rrtin{%f%}, Hiat, DE/10] (81)

where [, is the last step size used in the previons time interval and At is the

length of the present time interval.

It was found that five corrector iterations should be allowed hefore redueing

step size and repeating the step in order to minimize the required number of steps
P g | !
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and avoid an excessive reduction 'of step size. If more than five corrector iterations

are requiired, step size is Teduced byuétl"fraéto'r of two to five.
Hyew = mag{min(6t/2,6t/5),6t/5) (82)

where e s the new step size, 8t is the step size Lo bg-reduced, and

Tiim4ll—r,im)
§ — mlr Ok e, n]

= P

S is the ratio of local error to the specified tolerance e3. It is greater than one when
convergence has not been achieved. S measures the difference between the actual
error and its desired value (e3). If this ratio S is less than two, the step size is reduced
by a factor of two. I § is between two and five, the step size is reduced by a factor
of 8. IS is greater than five, the step size is reduced by a factor of five. Reducing
the step size by a factor of two to five is more efficient than reducing it by a lactor
of two to three as used by Young and Boris (1977). The step size is allowed to be
reduced up to three times, after which computation s stopped. If a step converges
within two corrector iterations, the next step size is increased by 50% to minimize
the number of steps. The total number of steps allowed is one hundred; however,

warning messages are issued when the number of steps exceeds fifty.

;omputation
15 stopped when the number of steps exceeds one hyndred. The method being

adopted is more efficient than DGEAR ancf Runge-Kutta when moderate accuracy

is required, The listing of this ODE solver subroutine CODE is in appendix (K).

3.5 OVERALL SOLUTION PRO(:JEDURE

"The solutions for ignition, entrainment, mixing and thermodynamic states

of particles are calculated using the following procedure.

L. Specify the input parameters at the closing of the intake valve, namely
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the crank angie'at which the intake valve closes, the turbulence intensity,
mixture temperature, pressure, equivalence ratio, spark advance, spark du-
ration, ignition encrgy, spark gap, number of particles to be ignited, engine
RPM, time interval ( sce section 3.8 ), and the timing for the opening of

the exhaust valve. i

. Calculate temperature and pressure before ignition, using the isentropic

relations as discussed in the solution procedure for ignition { section 3.1 ).

Calculate temperature and pressure of burned and unburned gases alter ig-

nition, using the fist law axd volume constraint as discussed in the solution

procedure for ignition { gection 3.1 ).

The volume of the burped particles after ignition is cousideted to be the

partially stirred reactor.

. The surface area of the reactor is calculated using subroutine SHAPE. The

entrainment velocity is calculated using subroutine SP1EKD. The number of
unburned particles Lntering the reactor is calculated using the entrainment,
model as discussed in the solution procedure for turbulent entrainment (

section 3.2 ).

The mixing frequency is calculated as a function of turbulence intensity, The
number of mixing pairs is calculated as a function of the mixing frequency

and the number of particles in the reactor. s

1

. The random number generator GGUD is called to select pairs of particles to

be mixed. The results of each binary mixing is calculated using subrouting
MIXFRO, as discussed in the solution procedure for binary mixing ( section
3.3 ). The results of binary mixings are the initial thermodynamic states of

particles at the beginning of the time interval.

-
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8. The thermodynamic states of particles are calculated using the chemical
rate equations, ratc equations of temperature rise for each -burning--particle,
and the rate equation of pressure fisé for the system, which includes the
isentropic relations for the compression of burned and unburned particles.

Tlhe solution procedure for these equations is discussed iu section 3.4.

9. The thermodynamic states of particles at the end of the time interval are
used to caleulate the volume and surface arca of the partially stirred reactor

for the next time interval. ,i

L4

10, Step (3) to (9) are repeated for the calculations of the next time interval,

until misfire occurs or the exhaust valve opens.

‘ “

3.6 APPROXIMATION OF PRESSURE DERIVATIVE

The computing time spent on the iteration of the rate of pressure rise (

equation (53)) was found cxcessive regardless of the method used. The thermody-

3
namic state of cach particle, including the unburned particle outside the partially
stirred reactor is updated in cach iteration, consuming a large amount of computing

* time. The result showed that the pressure rise is smooth and increases slightly in
for the time interval used in the study. Therefore, a linear pressure rise approxima-

\;ﬁ tion in the time interval is adequate, and significant computing time is saved. The
pressure rise is estimated using an iteration procedure. R o

1. The initial guessed pressure derivative is assumed to be the same as in the

previous time interval,

4P _ P(I=P(t—AL)

dt - Ot

2. The pressure during the time interval At is calculated using the guessed
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pressure derivative,

P(t + At) = P(t) + 4L AL

3. The system of ODE without the pressure equation is solved in the time

interval.

4. Thermodynamic states of all particles are updated at the end of the time

interval.

5. The volume constraint is used as the criterion of convergence. 1f the total
/

volume is close to the chamber volume, then the solution is converged.
Vo — Wif <¢

1

where ¢ is a small positive number.

6. Otherwise, the pressure derivative is adjusted using the perfect gas law

L s

aﬁplied to the chamber volume,

: %2

JD:u::z:t = [)(l\%) (8:;)
"P I"\C:[—PO V
1R = (e le) (81)

where Pz is the next guessed pressure at the end of time interval, I is the
pressure at the end of the time interval obtained from the present guessed,
pressure rise, V, is the total volume of particles with the present, guessed
pressure rise, V; is the chamber volume gt the end of time interval, %’—; is
the next guessed pressure rise, P, is the Rressure at the beginning of the

time interval. The iteration is repeated from step (2).

A maximum of three iterations is allowed, after which computation is stopped.
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This prou.clurc elumndtcs thc need of the rate of pressure rise equatlon, so that . 7

tlic number of cqua.tlons to be solved by CODE is 2N1 where Ny is the number
of burnm;3 particles. This procedure is performed by subroutine KINET listed in

appendix (I7).

3.7 SELECTION OF TIME INTERVAL

As discussed in section 3.1, the flame propagation, turbulent mixing and

chemical reaction take place simultaneously. Therefore, the time interval should be
as short as possible for accurate simulation. However, computing time generally
inereases as the number of time intervals increases. On the oth‘cr hand, if the
time interval is long, all t'llc burning particles will have sufficient time to become

fully burned before being mixed with other particles, since all mixing occurs only

" at the beginning of cach time interval. The quenching of the burning particles is

not realistically modeled in this case, no matter how high the miking frequency is.
The balance between realistic simulation and computational efligiency should be

considered. ~

(,

in the early stage of the development of the model, a time interval corre-

sponding to one crank angle degree at 1500 RPM was used. It was observed from
the result that some of the burning particles remain burning if the pre-exponential
constant in the rate equation is tak’en as 4.3 x 10'', which is hall of the value given
in Westbrook and Dryer (1981). This constant is empirical and can be adjusted as
Hll&&(ﬁt(d by Westbrook and Diyer. It affects the t}rne scale in which a burning
becomes a fully burned. The sensitivity to the selection of time interval was studied
using one degree crank angle, one half degree crank dngle and one quarier degree

crank angle. The study showed that the use of different time intervals yielded the

“x

same solution. The use of a half degree crank angle resuited in less computing’

time than using one degi‘ee. This is due to the nature of the rate equations being
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_...solved _and. the method of solutlon When one crank angle mtewal was qclutul -

the adopted method determined an initial step size, and proceeded with calculatmn
until the portion of the solution where the rate of change was high, then the step size

was reduced to follow the solution. In the case of half a degree crank angle wnterval,

" the slope of the solution did not vary as much, and computing time was saved since

there was no need to reduce the step size. One quarter of a degree crank angle was
. 1

also attempted, but no improvement was found. Thercfore, one half crank angle

degree was used for an engine speed of 1500 RPM. When engine speed is increased

to 3000 RPM, one crank angle degree is selected.
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~ CHAPTER 4
RESULTS AND DISCUSSION

The model was tested for the ignition limit and partial burn limit. The sen-
sitivity of the model to turbulence, intake pressure and temperature, fuel equivalence
ratio, spark advance, ignition energy, spark gap and eﬁgine speed were in%estigémted
for the ignition limit. Furthermore, the sensitivity of the model to the number
of particles ignited and to the activation energy \.vas also studied. For the partial
burned limit, two cases of flame quenching at the expansion stroke were obtained.
To determine if the cycle misfires, the mass burn fraction is calculated against the
engine crank angle. The mass burn fraction is defined as the ratio of the mass of
combustion product to the total mass of mixture in the combustion chamber. Misfire .

’
occurs when the mass burn fraction does not increase with respect to crank angle.

4.1 EMPIRICAL CONSTANTS IN MODEL

The empirical constants of the model should be adjusted using lexperimen-
tal data from an actual engine. However, since experimental investigation is beyond
the scope of this study, typical values are used. Experimental results from other
rescarchers have been considered. However, incomplete engine specifications pro-
hibited |)reci'se comparison of data. The empirical constants are the constants in the

mixing {requency expression and chemical rate equations. .
o

¥
The constant C (w/u") in the mixing frequency expression was selected such
that when the turbulent intensity ' is abdut 200 em/sec, the mixing frequency w

will be about 700 Hz. The value of C is 0.017sec/cm®. Figure 2 shows the sensitivily

of the model to constant C' for the engine operating conditions shown in Table 2. {

) -

T
=,
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Al results shown in graphs have a resolution of one crank angle dégree. )™ T

There are four constants in the chemical rate cqua.tion,‘
iX; _ 4 —FE\ yvayb _ C e
Gt = —AT,c;rp(-RT).\f}l-- (27)

. Westbrook and Drjcr (1981) proposed that the pre-exponential A was 8.6 x
101! I\’Cal'/mole, the activation energy E-was 30.0 Ical/mole, the concentration
exponents for‘ fuel and oxygen, a and b, were respectively 0.1 and 1.65. In their
stﬁtdy, the authors adjusted the pre-exponetial and activation energy to
laminar flame speed. HOWevelr, the values of these constants are nof/certain due to

the absence of experimental data for the laminar flame thickness? In their work, the

authors adjusted the value of the pre-exponential while keeping the activation

ergy
at 30.0 Kcal/mole. In the present study,.whcn the prc-é&'poncntial wits 8.6 x 1(
and activation energy was 30.0 Kcal/mole, all the burning particles become fully
burned in half a degree crank angle even at the equivalence ratio of 0.5. The pre-
exponential constant was 10\?'cred tcﬁ 50% of the suggested value. The result shows
some burning particles remained burning in the same condition. Radhakrishnan and
Pratt (1984) adjusted this constant to 60% of the value proposed by Westbrook and
Dryer (1981). The activation energy £ may also have to be adjusted (Hallett, 1988).
The sensitivity of the present model to the pre-exponential and activation cnergy
was investigated. The value [or the activation energy £ was varied from 25.0 to 40.0

K cal/mole and the pre-exponential constant was 8.3 x 10'1. Testing conditions arc

shown in Table 2. The results are shown in Figure 3. The burning rate is sensitive

to the activation energy. It decreases with increasing activation energy, and misfire

occurred when the activation energy was equal to 40.0 K cal/mele. The activation
energy represents the energy required to-nitiate chemical reaction. Therefore, it is
reasonable to assume that burning rate decreases with increasing activation energy.

£
The prediction of the model ( Figure 3 ) confirms this trend. 1

The pre-exponential A was varied from 2.0 x 10! to 8.6 x 10! Kcalfmole.

I
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“ The activation energy was kept at 30.0 Kcal/mofe The model is sensitive to the

variation of the pre-exponential ( Figure 4 ). However, the. burning rate is more
sensitive to the variation of activation energy than the pre-exponential. It varies
c*po:ientially with activation energy and linearly with the pre-cxponential. Rad-
hakrishnan and Pra.t-,tﬁ'(1984) followed Westbrook and Dryer (1981), keeping the
aclivation cucrgy constant, and adjusting the pre-exponential. This approach is
adopted in the present study. The following constants arc used for chemical kinetics
in the the present study.

E =30.0 Kcal/mole A =4.6x 10! Kcal/mole
a=01 b=1.65 |

4.2 TURBULENCE INTENSITY

'The sensitivity to turbulence intensity of the model was investigated. In
Lhese tests, the intake temperature and pressure respectively were 300° K and 0.5
atm. The mass per cycle was about 0.24 grams. The engine speed was set at 1500

RPM, and ignition at 60 degrees belore top dead center. The ignition encrgy was

6 mJ and deposited to 10 particles in 2 crank angle degrees, corresponding to the

ignition duration of 0.2 msec. The fuel equivalence ratio was 0.5. The turbulence |

intensity at the closing of the intake valve was varied from 1 m/sec to 2 m/sec, then
)

varied again to 3 m/sec. The engine specification for all tests is shown in Table 1.
The complete testing conditions are listed in Table 3. Each computer experiment

took about 30 minutes of CPU time, which yielded about 20 crank angle degreces of

results.

A comparison of the mass burned fraction of the three cases is shown in Fig-

ure 5. The model is sensitive to the changes in turbulence intensity. As turbulence

intensity was increased from 1 m/sec to 2 m/sec, the mass burned fraction rate in-

-

creased. This was due to the higher rate of mass entrainment and mixing frequency
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wlhen turbulence intensity was increased. When the turbulence intensity was fur-

ther increased to 3 m/sec, the mass burn fraction incf_ea.scd even faster initially, but
became constant after about 10 degreés. The flat portion of the curve shows that
no burning took place after about 10 degrees after ignition. In other words, misfire
occurred. At a high turbulence intensity, the rate of mixing was high. The burning
particles were quenched by being mixed with unburned before having enough time to
become fully burned. A mixing time can be defined as a characteristic time inversely
proportional to the mixing frequency. It measures the duration between consecu-
tive mixing events. When turbulence intensity is increased, 1the mixing frequency
increases. As a result, the mixing time decreases. Therefore, the time available for
undisturbed chemical reaction, which is the duration between consecutive mixings,

is shorter at higher turbulence intensity.

At low turbulence i_ntensityt {1 m/sec), the mixing time is longer, and the
mass burning rate is controlled by flame propagation and mixing rate. Therefore,
higher turbulence intensity increases mass burning rate. At higher turbulence inten-
sity (3 m/sec), the mixing time is shorter, and the mass burning rate is controlled by
the chemical rate. Consequently, higher mixing frequency dcircascs mass buming
rate. There is an optimum level of turbulence intensity at wliich the ma:s burning
rate is highest. The result shows that 2 m/sec can be the optimum turbulence level
for the given operating condition. The existence of an optimum turbulence intensity
is consistent with the finding of Ho and Santavicca (1987) : the E}‘Htllors stated that
wrinkling of the flame front by turbulence increases burning rate, while a very high

1

level of turbulence extinguishes the flame.

The pressure traces for different turbulence intensities are essentially iden-

tical ( see Figure 6 }. This is due to the small fraction of the mixture being burned.

The pressure rise was mostly due to the compression by the piston, since the burned
mass was less than 0.05 % . Such results were also observed in other tests in this

study, except when mentioned otherwise.
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Turbulence inténsity in engines is a function of the design of the intake

. systenn. The level of turbulence at the closing of intake valve is a [raction of the |
. volumetric Nlow velocity passing through the intake valve ( see for example R.I.
Mil;uu; ct al, 1983 ). Therefore the turbulence intensity can be increased by reducing
the valve lift and increasing the flow velocity. Howev:a_r,-l this will also affect the
intake.pressure and mass flow. On the other hand, increa.sil\lg throttle or load to the
engine also increases Turbulence intensity due to the increased mass flow, but this
will also increase the pressure. The previous resulls on the variation in turbulence
inter@pty while keeping other variables constant are not applicable. The effect of
pressure variation will be discussed in the following section, and the combined effect

of turbulence intensity and pressure variation will also be investigated.

1.3 INTAKE PRESSURE

The change of pressure leads to a change in mass flow if temperature stays
constant. Any change in mass flow rate affects the flow velocity across the intake
" valve, and in turn affect the turbulence intensity of the flow field. If the change of
pressure is the result of changing the throttle position, the variation in turbulence
intensily is linearly proportional to that of the pressure in the i:ombljstion chamber.
The turbulence intensity, pressure and mass flow are functions of the valve geome-
try. The change.ol pressure can result from changing the valve lift. But the valve

geometry is not known in this study, therefore only the case of constant intake valve

area will be used in the testing.

The model was first tested for the variation of pressure while the turbulence
intensity was kept constant. Complete testing conditions are listed in Table 4. The
result shows that the mass burning rate decreased witl; -increasing pressure, when
the pressure was varied from 0.2 atm to 0.8 atm. ( see Figure 7 ). This is the °

result of (39b) describing the temperature rate of the combustion of propane and



air mixture. This cquation shows that tem.p(:rartl,u'réwmt(.: incrdases with ducrt:zwing
¢ : L

pressure. The increase of temperature rate then causes an increlse in mass burning

rate. It is to be noticed that such an effect of variation of presshire alone does not.

usually occur in real engines, because any variation of pressure wil] also affect other

variable such as the turbulence intensity as discussed above.

‘

The model was tested for the eflect of variation of pressure ‘l‘gul turbulence
intensity. The turbuleﬁce intensity is assumed to be lincarly propoktional to the
intake pressure. Four different sct's of pressure and turbulence intc;sity combinations
were used. They were 0.4 atm with 1.6 m/s, 0.5 atm with 2.0 m/s, Oéi atm with

2.6 m/s and 0.8 atm with 3.2 m/s, all taken at the closing of the intake v;}lvu'.. Spark

advance was set at 60 degrees before top dead center, and intake tcnlp&\mturc al
300 degrees Kelvin. Table 5 lists Phe complete t‘csting conditions. The ﬁ‘lass flow
rates under these conditions varied from about 0.2 grams/cycle to 0.4 grams/cycle
at an engine speed of 1500 RPM. The results show that the mass burning rates were
higher for the case of higher pressure and turbulence intensity for the first 10 degrees
crank angle pfter ignition ( see Figure 8 ) , but the trend was reversed afterwards.
The mass burning rate stayed at a constant level in the case of 0.8 atm with 3.2
m/s of turbulence, indicating that IEnisﬁre has occurred. This is the result of flame
quenching caused by high turbulence intensity and high rate of mixing b;:Lwcen
the burning and unburned particles. The overall effect of va.—riaLion of pressure and
turbulence intensity is very similar to that of the variation of turbulence intensity

alone. In other words, turbulence intensity has a stronger influence on mass burning

rate than the pressure has,

v
/

4.4 INTAKE TEMPERATURE

The model was tested for the sensitivity to the variation Nakc tempera-

ture. The intake temmperature is the temperature of fuel mixture in the combustion

J
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chamber at the closing of the intake valve. 'i'his temperature is not necessarily the
SAIC «'I.H..LIIC temperature of the flow in the intake manifold or the ambient temper-
ature. 'I‘lm.rclationsl:ip of these different temperatures aré functions of the design
of the particular illtakc system, which is beyond the scope of the [;réscnt study.The
- mddel was tested with intakt_: temperatures of 200° K, 250°I\',~300°I\;, 350° K, and
TA00° K. The intike pressure was 0.5 atm with the turbulence intensity at 2 m/s.
The engine van at 1500-RPM with the spark advance at 60 degrees before top dead
center, Complete testing conditions are shown in Table 6. The mass flow rates of the
three temperature settings ranged from 0.18 grams/cycle to 0.24 grams/cycle. The
result of the varialion of temperature indicates that the mass burning rate increases

with jnereasing temperature ( see Figure 9 ) Misfire occurs at 200° /.

¢

The pressure traces of the three cases are shown in Figure 10. The three
pressure traces are very ‘close to each other, and approximately parallel to one an-
other. As expected in the ignition period, the mass burned fractions are small.

. . ° . °
However, we observe that at the lower intake temperature, the pressure was higher.
The pressure rise at the initial period of combustion was not due to combustion
’ Nl - . . ' 2y A . .
itsell, since the mass burned fraction was very small. Therefore, the pressure rise in
this regime was the result of compression. The fuel mixture went through the same
amount of change in volume for the three cases of different temperatures, but the
ratio of specilic heat for the mixture is a function of temperature. Its value decreases
. :
with increasing temperature for any given composition of the mixture. Therefore,
»the mixture at lower- temperature will have a higher ratio of specific heat and a
higher linal pressure after compression. The resulted pressure traces show !ilal. the
“model s sensitive to the vaiiation of the ratio of specific heat. A similar conclusion

was also reached in the following section on the variation of the fuel equivalence

ral10.

-t

v
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4.5 FUEL EQUIVALENCE RATIO

o

‘The model’s sensitivity to the variation of cquiv;tlencc.mtio was one of the
most important tests, since the most accepted definition of misfice limit i delined
as the pauivalence ratio at which (gombustion falls. The test was conducted \‘vith
fOil[‘ diflerent values of equivalence ratio, 0.3, 0.5, 0.7 and 0.9. The intake conditions
were set at 300°K, 0.5 atin and a turbulence intensity of 2 m/s. The engine ran
at 1500 RPM and the spark advance was scat 60 degrees before Lop.dv;ul center.
Complete testing conditions are shown in Table 7. Results of Figure 11 indicate
o

that bilrning@e increased with equivalence ratio. For anequivalence ratioof 0.3,
misfire occurred after about 12 degrees from ignition. Although the result shows no
misfire for the case of 0.5 equivalence ratio, it does not contradict. with the result
of other rescarches which suggested that the lean misfire limit was generally in 1fe
range of 0.6, because the testing result does not correspond Lo any actual engines.
The model needs to be calibrated in order to generate niore solid data instead of
showing general trends.

. \Thc pressure traces in Figure 12 for the different fuel-"air ratios also show
trends similar to Lililt of the variation of intake temperature. Again, the pressure
burned and heat release, but the one w(ﬂ'r‘trh;'ﬁ)wcr equivalence ratio’is always

higher than that with the higher equivalence ratio. The pressure rise was the result of

hd .
traces are close together and approximately parallel })"C)féc ol Lthe very small mass

compression since burned mass is small. The ratio of specific heat, of the fuel mixture
15 now a function of.cm}lposition. Its value increases with decreasing equivalence
, :

ratio. Therefore, the leaner mixture has a higher final pressure than the richer

mixture for the safie amount of change in volume due to compression,
N

4.6 SPARK ADVANCE . '
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The spark advance was varied from 90 degrees before top dead center to 60
| ) : .
and 30 dc:grcés before top dead center. The model was tested at 1500 RPM, with
the fucl t:quiim]cu.cc ratio of 0.5, and intake temperature and pressure as ‘ﬁOW\' and
>

0.5 atm respectively. The turbulence intensity avas 2 m/s at the closing”qf the intake
valve. Table 8 shows the complete testing conditions. The variation of spark ad¥vance
alfects the temperature, pressure and turbulence intensity at ignition, whose values
tnerease when sp:u‘l\: timing is retarded. The results show that the mass burning
vate inereased when spark advance was rctarc_lcd ( see Figure 13 ). For the carliest
spark advance ( 90 degrees BTD‘C ), the burning was slow justkaftcr ignitic.)n, and
mishire occurred alter about 17 def;re_cs. The volume in the spark gap which was
ignited was the same for the three cases, but the mass was slightly higher when the
spark tining was retarded ( to 30 degrees before top dead center ) because of higher
density. "T'his effect combined with the hligher temperature and turbulence intensity
at ignition resulted inan increase in the burning rate when spark timing was retarded

to 30 degrees BTDC. The higher pressure at ignition, at 30 degrcc.s BTDC, did not
. ~. .

slow downe the chemical reaction enough to affect the burning rate. Furthermore,

the high turbulence intensity did not produce a quenching effect on the burning

.

particles at high temperature, because the chemical time at high temperature was
relatively short. Therelore Lthe combined effect of higher temperature, pressure and

turbulenee intensity increases the mass burning rate.

The trend of misfiring when spark Lilﬁillg is advanced also agrees with the
experiments of Auderson and Lim (19385). The ignition energy and spark gap used
i this study were respectively 6 mJ and 1 mm. The spark duration during which
the selected 10 particles became fully burned his 2 degrees, or about 0.2 msec at

1500 RPM. "Epe influence of these ignition variablés will be discussed in the following

L J
seclions,



4.7 IGNITION ENERGY

Ignition energy refers to the energy deposited in the ignited particles from
the spark, as described in Chapter 2. The amount of energy required to initiate
combustion is not investigated in this stidy. The objective of this study is to
investigate flame propagation after ignition. The influence of the ignition energy on
the flame propagation was investigated using several ignition energies 3w, 6 mJp
and 9 mJ. The engine speed was 1500 RPM and spark advance was 60 degrees bofore
top dead center. The fuel equivalence ratio was 0.5, and the intake temperature and
pressilre were respectively 350°/ and 0.5 atm. The turbulence.intensity was 2 m/s
at the closing of intake valve, and the spark gap was 1 mn. 'Table 9 lists the
complete testing conditions. The result shows that the mass burning rate inereased

. ‘
with increasing ignition energy ( sec Figure 14 ). The higher ignition energy caused
the temperattre of the ignited particles to increase, which in turn yielded a higher
burning Lempzv%% when they mixed with other anburned particles. "The adiabatic
flame temperature increased from 2000°A to 2700°K as the ignitjon energy was
increased from 3 mJ to Y ymJ. No misfire was observed ¢ven when the ignition
cnergy Tas 3 mJ. This is not surprising. The mocicl for ignition assumes that the
mass within the spark gap is ignited, and initial flame propagation is supported
by the heat release from the burned mass. In reality, heat is lost to the c:lm:t.ro}]o,
and a fraction of the mass within the spark may be ignited. Anderson and Lim
(1985) related the minimum ignition energy to a quench distance, and stated that
if the flame kernel grows to the size of the quench distance, propagation can he
supported by the cliemical heat release alone. Therefore, if the cases Lested in Lhe
model had their initial flame kernel size at least as large as a theoretical quench
distance, misfire due to insufficient ignition energy willl not occur. The variation
of spark gap size simulated by igniting a different initial volume represents another

aspect of the effect of spark ignition on misfire.
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4.8 SPARK GAP DISTANCE

The spark gap distances used were 0.5 mm, Lmrﬁ and 2 mm. The ignition
cnergy was held constant. In reality, heat loss to the spark plug electrode decreases
when the gap distance is increased. However, the amount of entergy being transferred
to the ignited gas as a function of the gap distance is not-established in this study.
This energy cl(epcﬁds on the specific design of the ignition system, which is beyond
the scope of this study. The present tests were conducted with an ignition energy of
6 m and 2 degree spark duration. The engine ran at 500 RPM and spark advance
was set at 60 degrees before top dead center. Intake Le\mperature a:d pressurc were
350° K and 0.5 atm respectively, while the turbulence intensity at the cllosing of the
intake valve was 2 m/s. Complete testing conditions are listed in Table 10. For
the Tuel equivalence ratio of 0.5, the result shows that the mass burning rate was
nol a strong function of spark gap. ( see Figure 15 ) The burned particles of
the smaller spark gap had a higher temperature ( 3000°A" for 0.5 mm ), because
the same amount of ignition energy was deposited to all three cases. However, the
higher temperature at 3000°A was oflset by the small burned volume of 0.5 mm
spark gap. The present ignition model is not able to predict the effect of spark gap
distance due to the lack of a model for the heat losses through clcctroc[e and the
unburnéd surrounding. If the heat loss through the electrode i is tal\en into account,
the burned temperature at small spark gap of 0.5 mm will be lower than 3000°K.
If heat toss to the unburned surrounding is taken into account, the spa.r'k will not
be able to ignite all the mass within the spark gap wh:ln?he gap distance is large (

2 mm ). Therefore, a more realistic model should include the relationship between

the spark gap, ignition energy and amount of mixture to’ be ignited.

4.9 ENGINE SPEED
I

The sensitivity of the model to the variation of engine speed was tested.

—_—
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The change of engine speed alters the turbulence Qnténsity at the closing of the”

intake val\}g. It is assumed that turbulence intensity varies linearly with RPM (
Tabaczynski, 1976 ). The model was tested \\;itll 2 Q/s of turbulence intensity at
1500 RPM and 4 m/s at 3000 &PM. Spark z\tdva.n_cc was set at 60 degrees before
top dead center. The [uel equivalence ratio was 0.5, with the intake temperature
and pressure of 350° K ancU).S atm respectively. Table L1 lists the complete test-
ing conditions. The results shown in Figure 16 indicated that the engine mislired
right after ignition at 3000. RPM, while a fast burning rate was obtained at 1500
RPM. The large (liﬂ'et:cnce between the two cases was the resull of the very high
turbulence intensity gencrated at 3000 RPM. The turbulence intensity at the closing
of the intake valve at 3000 RPM was assumed to be double that at 1500 RPM at
the same intake temperature and pressure. In reality, the intake temperature and
pressure is not necessarily the same as 1_;\he engine spcea increases from 1500 to 3000
RPM. Therefore the turbulence intensitty will also be alfected by the intake pressure.
Nevertheless, the present result shows the trend toward misfire as engine speed and

turbulence intensity increase.

4.10 NUMBER OF IGNITED PARTICLES

The number of particles to be ignited is an input variable in the model.
The selection of its value is independent on the spark gap size, which determines the
volume to be igxlﬁted‘ Therefore, it does not influence the amount of fuel mixture
being burned inihially; but it determines the size of cach particle.. One expects that
the size of particle should be very small to closely simulate the a(',l.l-lil.]_[Jh(!l’l()!r](!llit‘
but an excessively small particle size and a large nu.mbcr of particles require longer
cémputing time. The objective is to select a number of particles yielding reasonably
accurate results with thc least computing time. The model was tested by igniting 10,

25 and 50 particies, with the fuel equivalence ratio of 0.5. The intake temperature
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and pressure were respectively 350°K  and 0.5 atm. The turbulence intensity of 2
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m/s was used, and the engine ran at 1500 RPM, with the spark advance set at 60
degrees before top dead center. Complete test,.ing conditions are shown in Table 12.
All Lhree cases were computed using 5 minutes of CPU time. When 10 particles were
ignited, 13 crank angle degrees of results were obtained, for 25 ignited particles, 11
degrees, and for 50 ignited particles, 8 degrees ( see Figure 17 ). It is obvious that
the smaller number of particles reduces computing time significantly. A comparison
of the mass burning rate of the three cases shows that the case with larger number .
of particles burned slightly faster at the beginning, but the difference was reduced
after a few crank ngles. These results also reveal tha¢ the initial burning rate when
50 particles was used is smoother than the others. This is due to the more accurale
modelling of the mass entrainment at the initial stage when_the number of particles
in the partially stirred reactor is large. Ho.u}ev‘er, after several particles are entrained
nto the reactor, the cases of 25 and 10 ignited particles also yield good accuracy.
The sl?ght difference in the results does not justify using a large number of particles
because it uses a longer computing time. Therefore, all model testing was done using
10 ignited particles. The minimum number of ignited particles also depends on the
turbulence intensity which controls both the entrainment and mixing ojf particles. A
smaller number of ignited particles can be used for higher turbulence intensity since’
more particles will be entrained and mixed in a shorter period of time, eliminating

the initial inaccuracy due to the small number of particles.

-

r

4.11 PARTIAL BURN LIMIT

The above model tests have demonstrated several cases of misfire at the
ignition liniit. Arici et al (1983)-believed that the ignition limit occurred more often
than the partial burn limit for actual engine conditions. Peters (1979) observed

that partial burn corresponded to slow burning cycles still burning at the opening
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of the cxli;nist valve, rather than being quenched before the exhaust valve o'pened.
Ho_wev_er,' quenching during the expansion stroke still occurs. This has led to the
experimental study of Smith et al (1977) in an éxpanding chamber, It was the
purpose of this present model to simulate both the ignition and partial burn limited
misfire. Thqrc{ore, the fnocicl @l be tested for partial burn. Various attempls
were made to create a partial blurn cycle, but few were successful. This agrees
with the observations of Peter (1979). The case c;f expansion stroke quenching is
rare. However, two combinations of operating conditions shown in Table 13 were
observed to create quenching during the expansion stroke. 'I’hc‘ engine displacement
in these two cases was taken as about half the size of other tests, because much
computing time can be saved with a smaller cylinder since it contdins fewer particles.
The specification of the engine is listed in Table 1. More cfficient computation is
neccessary for partial burn cycles because more crank angles of results are required
for a conclusion. The two cases observed had the same inlet conditions, at 290°
and 0.5 atm, as. well as a turbulence intensity of 3 m/s at 3000 RPM when the
intake valve was closed. The first case deposited 1 mJ of cnergy to the ‘ié;nil.(:cl gas
at the spark advance of 10 degrees belore the top dead center, while L]]C?&CCOH(l case
deposited 3 mJ of ignition encrg;'y at 30 degrees before top dead center. The llame
was qt\lenched at 25 degrees‘ after top dead center in the first case { Figure 18 ), which
was 35 degrees after ignition, while the quenching occurred at 15 degrees after top
dead center in the second case, ( Figure 19 ), about 45 degrees after ignition. The
mass burned {racgons in both cases were less than one percent, but the flame had
entrained respectively 40 and 50 percent of the volume in the two cases. The rt:suli.hT
of ignition misfire indicate that abou.t one percent of volume was entrained by the
flame. The partial burned cycles are distinguished from the ignition misfire by the
following conditions. Firstly, the volume entrained at partial burned limit is near
50%, while the ignition misfiring cycles entrained about 1% of the volume. Secondly,

partial burn occurs in the expansion stroke, but the ignition misfire occurs in the

4
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Lomprcsmon strokc In the present study, the model could not reproduce the same

data rcport,cd by Peters (1979). The two examples of partial burn in the present
study have a mass burn fraction of less than 1%, but' Peters (1979) reported that
20% of.mass had burned in some cycles which were quenched during the expansion
stroke. The small pcrccnlaée of mass burn fraction predicted by the present model
is possibly due to the lack of age mixing in the flame zone. In reality, ohly particles
near cach other can mix. IIowevcr the present model allows particles anywhere in
“the flame zone Lo mix. The lack of age mixing in the model affects the result of
partial burn more severely than the ignition misfire, because the flame zone volume
is large in the partially burned cycles. Therefore, introducing age mixing may prove

to predict partial burn more adequately.

4.12 AGE MIXING

Age mixing allows only the neighbouring particles to mix. A particle close to
the spark location cannot mix with one that is entrained later in time and :nherefore
far awhy from the spark. The mixing of particles that are entrained at different time

15 controlled using the following procedure :

I. The burned particles from ignition are assigned to be at age 1.

[ S

For each time interval, unburned particles are entrained behind the flame
front, creating a new age of particles. The ages of particles are assigned ac-
cording to the order in which they are entrained. For examplé, the particles
entrained one time interval after ignition are assigned to be at age. 2, and

those entrained in the next time interval are at age 3.

3. Particles with an age difference of one are allowed to mix. The mixing starts
between age 1 and 2, followed by age 2 and 3 and so on. Mixing procedure

is completed when all ages of particles have participated.

/
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The procedure for age mixing is performed by subroutine AGEMIX ( ap-

pendix L ). Subroutine R.ANMIX is used when the volume behind the ﬂa_mé_ ﬁ‘onﬁ 15

treated as a partially stirred ;eacltor,_ withéut using the age mixing procedure. Tests
for the ignition misfire rcgimé and partial burn regime were perform_éd. Redults of
the age mixing model are shown in Figures 20 to 22. Figure 20 shows that al o.zﬁ‘ly
spark advance ( 60° BTDC ), the burning rate predicted by the age mixing model is
slower than that without age mixing. Age mixing allows fewer unburned particles to
mix with burned ones, reducing the probability of creating burning particles. “The
result is a reduction in burning rate. This result is not expected to change the trend
of the igniti(;n limit although it predicts a higher equivalence ratio at the ignilion
limit.k Figures 21 and 22 show that at late spark timings { at 10° and 30° BTDC
), the age mixing model did not predict partial burn while tlre\rnodcl without age
~mixing did. The burning rates predicted by the age mixing model are faster. At
late spark timing, the turbulence intensity is high, and more unburned particles are
. entrained. The large number of unburned particles compared to burning ahd burned
ones reduces the proba.blility of mixing between unburned and burned or between
unburned and burning particles ( The highest proba.bility‘ of mixing two types of
particles occurs when their numbers are about the same ) Restricting mixing be-
tween neighbouring reaction zones by age mixing reduces the number of unburned
allowed to mix with burned and burning. Therefore, age mixing increases burning
rate. It is concluded that for the ignition limit, age mixing is not expected to alter
the trendsredicted by the model without age mixing. Iowever, the age mixing
model did not predict partial burn while the model without age mixing did. Purther

studies on the partial burn limit are required.
/’\
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' CHAPTER 5
CONCLUSION AND RECOMMENDATION

yﬂ

5.1 CONCLUSION

'l‘ILc model was developed to study misfire in lean combustion in spark
ignition engines. It ha‘é'\thc capability to simulate both the.i.gni‘tion limit and the
pirtial burn limit. Tests have been performed extensively for the ignition limited
cases. 1t usually requires no more than 20 degrees of crank angles after ignition to
observe whether the ignition limit is reached, but the result after TDC is usually.
required to determine if the partial burn limit is reached. The results of partial burn
cycles suggest that the concept of age mixing should be investigated. It was also
observed that there was only a narrow range of combination of variables for which

partial burn would occur when age mixing was not used.
H
5.1.1 IGNITION LIMIT

The testing on the effect of mixture, engine and ignition system variables

on the ignition limit led to the following conclusions. -
1. Turbulence intensity is a critical parameter for )ignition limit.

2. Pressure does not have very strong effect on ignition limit, but it affects the flow

rate into the cylinder, and the turbulence intensity is affected accordingly.

3. Temperature is andther importdnt parameter affecting the ignition limit.

1. Fuel equivalence rati parameter often used to measure ignition limit, has

)

great influence on ignition misfire.
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5. Spark advance combines the effect of temperature, pressure and turbulence in-
tensity. It shows the dominant effect of temperature, while Lurgulqmto_ intensity

enhances flame propagation at higher temperature.

6. Ignition energy has an effect on the carly burning rate, but does not influence

the ignition limit as much as temperature and turbulence intensity.

7. Spark gap does not have direct influence on ignition limit, but the present ignition
model lacks the detailed relations between ignition energy, gap distance and mass

burned. N

8. The model is not sensitive to the number of particles to be ignited initially,

provided the number is sufliciently large, depending on the turbulence intensity.

9. Engine speed does not affect the ignition limit directly, but it changes turbulence

1]

intensity, and that has a strong effect on ignition limit.

The parameters affecting the ignition limit are the turbulence intensity,
temperature and fuel equivalence ratio. The turbulence intensity controls flame
propagation and’ particle mixing, while the temperature and fuel equivalence ratio
control the chemical rate. Thercfore, one can conclude that the balance ofrmixing
and chemical rate is of great importance in engine misfire. High frequency of mixing
enhances burning rate .at high temperature and equivalence ratio. If t,h.c: mixing
frcunency is further increased, it will adversely affect the burning-ratc, particularly at
low temperature and equivalence ratio. In other words, the camparison of chemical

time to mixing time determines the occurrence of misfire.

5.1.2 PARTIAL BURN AND AGE MIXING

Extensive parametric study on the partial burn limit was not performed

due to the narrow range of combination of variables for which partial burn would
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oceur, and the longer co:i]pul.i'ng time for the study. Theref‘ore, it 1s not known how
different parameters will influence the partial burn limit. However, cases of partial
burn limited misfire have been obtained. The flame had propagated to 50 percent of
the volume when it was quenched, but the mass burned fraction remained very small
( less than 1 percent ). The concept of age mixing was introduced in an attempt to
improve the result 'of partial burn cycles. It was found that in the ignition misfire
regime ( carly spark advance ), the modcl of age mixing predicts a slower burning
- rate than that without age mixing. In the partial burn regime ( late spark advance ),
the burning rate predicted by the age mixing moc'lel 15 faster than that without age
mixing. The age mixing model did not predict partial burn when the model without
age mixing did. More studies on partial burn cases are required.: The difference in
burning rate prediction between the model wit;1 age mixing: and without age mixing .

is due to the probability of mixing between unburned and other particles.

5.2 RECOMMENDATION

‘The major dilliculty encounted in the development of the model is the com-
puting time required to yield a reasonable amount of results. There has not been a
single run of the Fortran program giving results of a complete cycle. Only about 20
lo 10 crank angle dehrees of results has been obtained in most tests. Therefore, a
more cfficient algorithm should be included in the future development of this model,
particularly for the method of solving the ODE system of the chemical kinetics.

\
A more elficient computation will make possible a more extensive study of

the partial burn limit. A parametric study similar to the one performed on II;he
ignition lit'uit described in the previous chapter will help to understand the behavior
of partial burn in engines. The age mixigg model was implemented and initial tests -
were performed. However, ignition limit nd partial burn limit have not been studied

using the age mixing model as extensively_as the model without age mixing. In th\e



..64_

partial burn regime, the age mixing model has not shown any occurrence of partial
burn. Therefore, it is recommended that more studies on age mixing, particularly
for pmrtial burn cases, are required.

The model presently assumes that ignition alway takes place regardless of
the amount of ignition energy supplicd to the unburned gas surrounding the spark
plug. Therc;fore,'it showed that the occurrence of misfire is not greatly influenced
by the ignition energy. This is not t'ruc in reality. A more detailed ignition model
including the rclatioﬁship between the spaik gap distance, ignition energy and the

mass or volume ignited by the given energy should be considered in future develop-

ment.

The rapid distortion theory without dissipation of kinetic energy is presently
used to calculate turbulence intensity. A more accurate model should include the

dissipation. The lean misfire limit is étrongly influenced by the turbulence intensity;

‘
therefore, a turbulence model including dissipation may prove to be important,
especially in the expansion stroke, The present model does not-take into account
the residual {raction or exhaust gas recirculation. If such parameters are of interest,
they should also be incorpbrated into the model. Heat transfer is another aspect,

the present model does not include, and it is a possible future development.,

The model constants have not been adjusted with any actual engine experi-

ment due to the unavailability of complete data and engine specification. Therelore

Qo
any future application of the model has tot%iclude constants validation with acinal

engine cxperiments.

o -
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TABLE 1
ENGINE SPECIFICATIONS

{ For Testings of Ignitlon Limlt )

Bore -= 8.0 cm

Stroke = 8.0 cm

Length.of Connecting Rod = 15.0 cm
Spdrk Plug Qffset from Center = 1.5 cm

Compression Ratio ) = 9.9

( For Testlings of Partlal Bﬁrnj
_Age Mixing, and Empirical Constanta )

Bere

= 4.0 ¢m
Stroke = 4.0 cm
Length of Cennecting Rod = 7.5 em
Spark Plug Offset from Centar =~ 0.75 cm
Compression Rotio = 8.0

*
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'

TABLE 2

VARIATIONS OF EMPIRICAL CONSTANIS—I

Constants A -8 C
Engine Speed (RPM) 1500, . 1500, 3000.
Closing of Intake \

Valve (BTDC) 140. 140, 140.
Cpening of Exhaust

Valve (ATDC) 120. 120. 120,
Equivalence Ratio 0.5 0.5 0.5
Turbulence Inten- o .

sity et Closing . o

of Intake Valve 2.0 2.0 -7 3.0

{m/sac) i ? \

Intake Prassure -

{atm) W 0.5 0.5 0.7
Intake :

Temperature (K) 300. 300, 270.
Spark Advance (

{67DC) 60. 60, 10.
‘Spark Duration

{Cronk Angles) 2 2. 2
Ignition Energy —~——

?mJ) 6.0 6.0 1.0
Spark Gop (mm) 1.0 1.0 1.0
Number of !

Particles Ignited <10, 10. 5.
Conslonts : A = Pre—~sxponential constant

B = Activation Energy
C = Constant for Mixing Frequency
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TABLE 3

TESTING CONDITIONS : VARIATION OF TURBULENCE INTENSITY

Engline Speed (RPM) 1500. 1500. 1500.
Closing of Intake A L
valve {B8TDC) 140, 140, 140,
Opening of Exhaust

Valve (ATDC) 120. 120 120.
Equivalence Ratio 0.5 0.5 0.5
Turbulence Inten—

alty at Ciosing

.of Intake Valve 1.0 2.0 3.0
(m/sec)

Intake Pressure

- (atm) 0.5 0.5 0.5
Intake .

Tempsrature (K) 300. 300. 300.
Spark Advance ' .
(BTDC) 60. 60. 60.
Spark Duratien .

(Crank Angles) 2. 2. 2,
Ignition Energy

?mJ) 6.0 6.0 6.0
Spork Gaop (mm) 1.0 1.0 1.0
Number of

Particles Ignited 10. 10. 10.
Result W STower Fastest Mlsfjre.
- burning. burning.

)

LIS
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TABLE 4

TESTING CONDITIONS

: VARIATION OF PRESSURE

Engine Speesd (RPM)

1500, 1500.

1500.

Closing of Intoke v
Valve (BTDC) 140, 140, 140,
Opening of Exhaust - °

Valve (ATOC) 120. 120. 120.
Equivalence Ratio 0.5 0.5 0.5
Turbulence Inten-

sity at Closing

of Intake Valve 2.0 2.0 2.0

{m/sec) ﬂ\
Intake Pressure

{atm) 0.2 0.5 0.8
Intake - ~—
Temperature (K) 350. 350. 350.
Spark Advance

(8TDC) 60. 60. 60.
Spark Durction

{Crank Angles) 2. 2. 2
Ignition Energy 7
?mJ) 6.0 6.0 6.0
Spark Gap (mm} 1.0 1.0 1.0
Number of

Particles Ignited 10. 10. 10.

Rasult

Burning rate -decreased
with increcsing prassure.

cr—



TABLE 5 , ' : “
TESTANG CONDITIONS : VARIATION OF PRESSURE & TURBULENCE INTENSITY

e

Engine Speed (RPM} 1500. 1500, ° 1500, 1500.
Closing of Intake

Valve {BTDC) 140, 140, 140. 140,
Cpening of. Exhoust

Valve (ATDC) 120. 120. 120. 120,
Equivalence Ratio 0.5 ‘0.5 0.5 0.5
Turbulence Inten-

sity at Closing

"of Intake Valve 1.6 2.0 2.8 . 3.2
{m/sec)

Intake Pressure

(atm) 0.4 0.5 0.65 0.8
Intake

Tempergture (K) 300. 300. 300. 300.
Spark ‘Advance :

(87DC) 60. 60. 60. 60.
Spark Duration

(Crank Angles) 2., 2. 2 2.
Ignition Energy

?mq) , 6.0 ' 6.0 6.0 6.0
Spark Gap {mm) 1.0 1.0 1.0 1.0
NumB&r of

Particles Ignited 10. 10. 10, 10.
Result Burning rate decrcauea with Miafire,

e

increasing turbulence intensity.
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TABLE 6
TESTING CONDITIONS : VAhIATlON OF INTAKE -TEMPERATURE
'Englna Speed. (RPM) 1500, 1500, 1500.
Closing of Intaoke
valva (BTDC) . 140, 140, 140,
Cpening of Exhoust
Valve (ATDC) : 120, 120. 120,
Equivalence Ratlo 0.5 0.5 0.5
“Turbulence Inten—
slty at Closing
of Intake Valve 2.0 2.0 2.0
(m/sec)
Intoke Pressure
(atm) 0.5 0.5 0.5
Intake
Temperature (K) 250. 300. 350,
Spark Advance ‘
(BTDC) 60. 60. &80.
Spark Duratioen
(Crank Angles) 2. 2. 2.
Ignition Energy
?mJ) 6.0 6.0 6.0
Spark Gap (mm) 1.0 1.0 1.0
Number of
Particles lIgnited 10. 10. 10.

Result

: i
Burning rate Increased

with increasing temperature.
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A
TABLE 7

TESTING CONDITIONS: VARIATION OF EQUIVALENCE RAT10

Engine Spead (RPM) 1500. - 1500, 1500. 1500.
Closing of Intake :

Valve {BTDC) 140, 140, 140, _140.
Opening of Exhaust: .

Valve {ATDC) 120. . 120. 120. 120.
Equivalence Rotlo 0.3 0.5 0.7 0.9

Turbulence Inten-
slty at Clesing

of Intake Valve 2.0 . 2.0 2.0 2.0

{m/sec) : :
Intake Fressure )

{atm) , 0.5 0.5 0.5 0.5
Intake

Temperature (K) 350. 350. o I50. 350.
Spark Advance . :

{BTDC) 60, 60. 60. 60.
Spark Duration

(Crank Angles) 2. 2. 2, 2.
Ignitien Energy

?mJ) 6.0 _ 6.0. 6.0 6.0
Spark Gop (mm) 1.0 1.0 1.0 1.0
Number of .

Particles Ignited 10. 10. 10. 10.
Result Misfire. Burning rate Increased with

increasing equivalence ratio.
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TABLE 8
VARIATION OF SPARK ADVANCE

Engine Speed (RPM)

1500. 1500. 1500.

Closing of Intake .
Valve (BTDC) 140. 140, 140.

« Opening of Exhgust .

Valve (ATDC) 120. 120. 120,
Equivalence Ratio 0.5 0.5 0.5
Turbulence Inten—

slty ot Closing

of Intake Valve 2.0 2.0 2.0

{m/sec)
slntake Pressure . ‘

{atm) 0.5 0.3 0.5
Intake .

Temperature (K) 350. 350, 350,
Spork Advant¥ :

(BTOC) 90. 60. 730.
Spark Duration .

{Crank Anglea) 2 2. 2
Ignition Energy

mJ) : 6.0 ‘6.0 6.0

Spark Gap {mm) - 1.0 1.0 1.0
Number of . . :

Partlicles Ignited 10. 10. 10.
Result - Misfire. Burning rate Ihc?eosed

with decreasing spark advance.

g

ofp

=
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_ TABLE §
TESTING CONDITIONS.: VARIATION OF 1GNITION ENERGY:

Engline Speed (RPM) 1500. 1500.  1500.
Closing of Intake ' ‘ .
Valve (BTDC) =140, . 140. 140. %
. Opening of Exhaust ' . ’
Valve (ATDC) 120. 120. 120, :
Equlvalence Ratioc 0.5 0.5 0.5 ° .
e <
Turbulence Inten— \ "
s at Closing -
of Intake Valv 2.0 , 2.0 2.0
(m/sec) : ~ o
thtake Pressure )
(atm) 0.5 0.5 o5 -
Intoke k — ‘
Temparature (K) 350. 350. 350.
" Spark Advance ' C b .
(BTDC) - . - so0. 60. 60. \
Spark Duration ' !
{Crank Angles) 2. 2. 20 , '
Ignition Energy
?mJ) .0 6.0 9.0
£ ¢
Spark Gap (mm) - ~1.0 1.0 1.0
Number of - - N - o
Particles Ignited 10. 10, <10, s -~
Rezult ~ Burnlng rate Incregsed with .
' increasing ignition energy. o v
b1
4 : ,
L
-
o .
(S
o [



. TABLE 10
TESTING CONDITIONS : VARIATION OF SPARK GAP

Engine Speed (RPM) 1500, 1500, 1500,

Cloilnq of Intoke .

vValve {BTDC) 140, 140. 140.
Opening of Exhaust . .

Vaive (ATDC) 120. 120. 120.
Equivalence Rtalo 0.5 8.5 0.5

Turbulence Inten—
slty at Closing

of Intake valve 2.0 2.0 2.0
{m/sec)
JIntake Pressure
{atm) 0.5 0.5 0.5
. Intake
Temparature {K) ' 350. - 350, 350,
Spark Advance .

{8TDC) " 80. 60. 50.
Spark Duration

(Crank Angles) 2. 2. 2.
Ignition Energy '

md) 6.0 6.0 6.0
Spark Gap {mm) 0.5 1.0 . 2.0,
Number of '

Particles Ignlted .10, *10. 10
Resul t Burning rate s not a atrong

function of spark gap.

K
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TESTING CONDITIONS : VARIATION OF ENGINE SPEED

4

Engline Speed (RPM) 1400. " 3000.
Closing of Intake

Volve (BYDC} 140. 140,
Cpening of Exhaust )
Valve (ATDC) ] 120, 120.
Equivalence Ratlo 0.5 0.5
Turbulence Inten-—

sity ot Closing

of Intake Valve 2.0 4.0

(m/sac)

Intake Pressure

(otm) 0.5 0.5
Intake .

Jemperatura (K) 350. 350.
Spark Advance

{BTDC) 60. 60.
Spark Duration

(Crank Angles) 2. 2.
Ignition Energy

?mJ) 6.0 6.0
Spark Gap {(mm) 1.0 1.0
Number of

Particles ignited 10. 10.
Result Normal Misfire.

combustion.

2
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‘ TABLE 12
TESTING CONDITIONS : VARIATION OF NQO. OF IGNITED PARTICLES

Englne Speed (RPM) 15Q0. 1500. 1500.
Ciosing of Intake

valve (BTDC) ) 140. 140, 140,
Cpening of Exhaoust .

Vaive (ATOC) "§ - 120. 120. 120.
qu}valenca Ratie 0.5 - 0.5 0.9
Turbulence Inten— N

sity at Closing

of Intake Valve 2.0 2.0 2.0

(m/sec)

Intake Prasaure .

{atm) : 0.5 0.5 0.5
Intake

Temparature (K} 350. 350, 350.
Spark Advance !

(BTDC) . 60. 60. 60.
Spark Duration

{Crank Angles) 2. 2. 2,
Ignition Energy

md) 6.0 6.0 6.0
Spark Gap ({mm) 1.0 1.0 1.0
Number of ' .

Particles Ignite 10. 25. 50.

Result Burning rate Increased slightly with

increasing no. of ignited particles
just after ignition. Difference
decreased afterward.
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TABLE 13
TESTING CONDITICNS : PARTIAL BURN

Englne Speed (RPM): 3000. 3000, '
Closing of Intake

Valve (BTDC) . 140. "140.
Opening of Exhaust A

Vaive (ATDC) '\120. ' 120.
Equivaience Ratlo 6\§ . 0.5

Turbulence Inten-
alty ot Closing L
of Intoke Valve 3.0 3.0

(m/soc)
Intake Prossure

(otm) 0:5 0.5
Intoke

Temperatura (K) 290. 250,
Spark Advance

(BTDC) 10, 30.
Spark Duration

{(Crank Angles) 2. -2,
Ignition Energy

md} 1.0 3.0
Spark Gap (mm)- 1.0 1.0
Number of - _
Partlicles Ignited . 10, . 10.

Result Partial burn : Flome was
: quanched after travelling
over 50 X of volume.
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\ % . Table 14
\ o
Coefﬁéienfss for Polynomial Fit to Thermodynamic Properties - .

A

Coeffeicients for tempertaure between 100°K to 500° K

1 Species  ag) ap - .u.-;;

1 COs 1104033 2.088581 -0.47029
2 0 6.139091 160783 . -0.9356009

3 CO  TO00356  L2TH05T L -0.28TTHT

| I, 5555680 1787191 20,288 13342

5 O, 7.865847 0.6883719  -0.0319:44
6 Ny 6.80777L 1453404 -0.328985

é

[

g ard . tiG

0.037363 0589447 T 48
0.06669498  0.0335801 5662088
0.022356 01598696 2T TG

0.01951547 01611828 076498
L0.00268708 02013873 -0.80:3455
002561085 -0.1189462  -0.331835

Coclleicients for tempertaure between 300°A to G000% A

¢ Species a1 2 i3
1 CO,  4.737305 16.65283  -11.23249
2 L0 1.809672 -0.2023519  3.418708
3 CO; 697393 -0.8238310  2.942042
A M, 6991878 0.1617044  -0.2182071
5 O 6.295715 2.388387 -0.0314788
6 N, 7.0022 11,2958 3.2069

~

it - mh i

2.828001 000676702 0475793
1179013 000143620 -57.08004
-1.176239 00001132400 T 19RIT
0.2068197  -0.01625234 0118189
0.5267433 000435925 0103637
2022 . -0.0003458  -0.01396]



| Figur:e 1. Flarme Front Geometfy -

in the Comb,usﬁon‘\Chambe'r:

Section A-A
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Figure 2. Mass Burn Frgetion versus Crank Angle
for different Mixing Frequericy constant ©
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Figure 3.. Mass Burn Fraction versus Crank Angle”
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| Figuf'e 4. Mass Burn Fraction versus Crank Angle - -
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) Figure 5. Mass Burn Fraction versus Crank Angle
| for different level of Turbulence Infensity

0.050 -
0.045
0.040
4
0.035
0.030
0.025
"0.020 -
{
0.015 -
0.010-
Legend
.0.005- W U =1m/sec
0O U =2m/sec
® U =3m/sec
0.000 T 1 T T T T T 1 --/_——-
-60 -55 =50 —45 -~ —40 -35 -30 =25 -20

Crank Angle ( Degree )




TN R

|

Pressure (atm)

Figure 6. Pressure versus Crank Angle =

for different level of Turbulence Infensity.

6.57

5.5

P
n
1

o~
I

L
tn
I

2.5+

I 1 1 I 1 1 1
60 55 -50- —45 -40 =35 -30 -25  -20
Crank Angle ( Degree )

Legend
B U =1m/sec
0O U =2 m/sec

® U= 3mfsec




T - 90 -

Mass Burn Fraction (%)

" 0.0254

0.035+

0.030

0.020

.

0.015 -

0.010 4

0.005

0.000

R N

) Figure 7. _qus Burn Fraction versus Crank Angle
| for different Intake Pressure.

-60

T
-55

] T 1
-50 - 45 ~40

Crank Angle ( Degree )

Legend

B P=02atm
O P=05alm
® P=08atm




-1 -

Mass Burn Fraction: (%)

Figu-re 8. ‘Mass Burn Fraction versus Cronk'Angle
for different Intake Pressure and Turbulence ntensity
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‘ Figuré 9. Mass Burh Fraction versus Cmnk-Angle
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for different Intake Temperature
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Figure 13. Mass Burn Fraction versus Crank Angle :
after Ignition for different Spark Advance
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Mass Burn Fraction (%)

Figure 20. Mass Burn Frochon versus Cronk Angle
 for the inclusion of Age Mlxmg
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Figure 21. Mass Burn Fraction versus Crank Angle
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Figure 22. Mass Burn Fraction versus Crank Angle
for the inclusioh of Age Mixing at Partial Burn
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. APPOO040

APPENDIX A APPQ0020

: APPQ0OQ30

. APPO0040

"~ DIMENSION A(6,8,2 APPC00S50
EQUIVALENCE A1§1 .AEI.I.TB APPOCOBO - -

EQUIVALENCE Al1,1,2)) APPO0070

COMMON/CNT/1UP, ICLD, IKIN APP000B0

COMMON/CNTF /IF1,1F2,IF3 APPC0080
COMMOR/ JANAF / AI(JG ,A2(386) APPOC1CC . -

. COMMON /UGASP /CCU 7 ,MBARU ,RU, GAMU, CPU HU, TU, RHOU APPO0110

! COMMON /BGASP /CCB(7) ,MBARB,RB,GAMB,CPB,HB APP00120

COMMON/THERMO /R , RGSI RO2, PSCALE.PSCOR APPOQ130

COMMON LINPRS /PRESS APPOO140

COMMON /FUEL/ ENW,CX ,HY ,0Z ,AST APPOOTI0

COMMON JOXDANT/X1 -~ APP00160

COMMON/CHARTH/RESFRK ,RICH, LEAN APPD0170

COMMON/CHARU/PHIFR, PHIEGR APPOO180

COMMON/CHARB/PHT AFPPOC190

COMMON/MIX/MASS ,F3,VvOL3,TO3 - APP00200

COMMON/BURN/FFR(QQQQ) IBURN(9999) APP00210

COMMON,/ IDNUM/ 1 DN (5999 APP00220

COMMON/AGE /NAGE , NP (500) , FNM( 500} APP00230

COMMON /PARNUM/N ,NT ,N1,N2 N3 APP00240

COMMON/EQNUM/NQ P00250

COMMON/AFRN/V , TOTMX ,P M APP00260

COMMON/MOLWT /WM (7) APP00270

COMMON/TEMVOL /TEMP (5999) , v0|_(9999) APP00280

COMMON/MOLES/TOTMXU , TOTMXB APP00290

COMMON/CRANGL /SA ,CRG ,CRGSTP APPO0O300

COMMON/STEP/TIMSTP APPQO310

COMMON/CONST/PEC,B X APP00320

REAL Y(1000),YPRIM(1000) APP00330

REAL X,XEND,INTER,M APP00340

REAL MU,MB,MBU,MSG,MBARU,MBARU1 ,MBARB 1 ,MBARB , MBARAD APPO0350

REAL MBARBU,MBARAV ,MBARIS MBARBZ APPQO360

REAL MASS,ME,NE,NB,RE,NM APPOOQ370

DOUBLE PRECISION DSEED APPQO0380

DATA ERMAX,MAXITS/1.E—~4,50/ APPQOD3390

c APPQ0400

C : APPO0O410Q

c TO CALCULATE THE PRESSURE AND TEMPERATURE OFf THE MIXTURE BEFORE APPQO0O420

Cc IGNITION, THE INTAKE VALVE IS ASSUMED TO CLOSE AT 120 BTC, WHEN APPOQA430

C THE PRESSURE 1S ASSUMED TO BE 0.6 ATM, AND TEMPERATURE TO BE 373 K. APPQ0440

C ‘ APP00450

c SA] = SPARK ADVANCE APPO0460

Cc SAIN = CRANK ANG AT CLOSE OF INTAKE VALVE (BTC) APPOQ470

c GAMA = RATIO OF SPECIFIC HEAT * APP0O0480

c PIN = PRESSURE AT-CLOSE OF INTAKE VALVE APP0O0480

c TIN = TEMPERATURE AT CLOSE OF INTAKE VALVE APPQ0O500

C PO = PRESSURE BEFORE IGNITION APPOOS10

c TO = TEMPERATURE BEFORE IGNITION APPO0520

c APP0O0D530

c APP00540

[UP=0 APPO0550

ICLD=0 APPOO560

IKIN=0O APPOO570

Cc ' APPOOS80

c INPUT PARAMETERS ( EQUIVALENCE RATIO INPUT FROM BLOCK DATA ) APP00590

Cc : . APPOQG00

PEC = 4.3E+11 APPO0G10

B = 30000. APPO0O620

C = 0.025% APPOOS 30

) PRINT*,' PEC =' ,PEC,' B, =',B8,' C =',C APPQO540

RPM = 3000, APPOO650

CRGSTP = 1./4, APPQOS60

SAIN = —=140. APPQOOE70

TIN = 270. APPQOEB0

PIN = 0.7 APPOQE9Q

uo = 300. APPOOG700

SAl = -10. APPQO710

SPDR = 2. APPO0O720

EIGN = 6.E-03/4,184 APP0O730

CAP = 0.10 APPO0740

NB = 5, APPOO750

SAF = 120. APPOO760
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TIMSTP = 1./6./RPM * CRGSTP - : APPOO7B0
SA1=SAIN : APP00O790
CALL UPROP({PIN,TIN,ENTHU,CSUBR, RHO) . APPQ0B00
RHOO=RHO ‘ APPO0B10
PRINT®, ’W ‘AT CLOSE OF INTAKE  +++HH++++t+++++"APPO0B20
PRINT*," RPM =',RPM,’ UPRIM =',U0," CM/SEC’ APPQ0B30
PRINT®,’ SA1 =',SA1,' VTO{SA1) =',VTO(SA1) ' APPO0B40
PRINT®,’ TIN =*,TIN,* PIN =',PIN APP0OB50
T1=TIN APPQOB60
P1=PIN ‘ APP00870

DO 100 SA= SA1,SAI1,0.5 APPQOBBO
CALL UPROP(P1,T1,ENTHU,CSUBP,RHO) APP00890
PO-EVTO(SA)/VTO(SA1);“(—GAMU)‘Pl APP00SQ0
TO={PO/P1}** ( (GAMU=1) /GAMU) * T} APP00910
PT=PO APP00920
Ti=TO APPOOS30
SA1=SA APP0O0940

100 CONTINUE APP00DS0

* SA=SA1 ) APP00960
PRINT®, " -+ttt AT IGNITION bttt bbbt " APPO0S70
PRINT®,* SA = ',SA,' VTO(SA) = ', VTO(SA) APP00S80
PRINT®,' PO = ',PO,' TO = *,T0 APP0O0990
APP01000

.

APPO1010

IGNITION IS MODELLED AS BURNING NB PARTICLES OF THE SIZE OF THE APP01020

o0 O OOOODOOOO(’)OOOOOOOOOOODOOOOOOO

SPARK PLUG GAP IN THE ENSEMBLE OF N PARTICLES. IN THE APP01030
FOLLOWING SECTION, EQUATIONS REPRESENTING THE VOLUME AND APP01040
INTERNAL ENERGY ARE TO BE SOLVED FOR THE UNKNOWN APPQ105%0

BURNED PARTICLE PRESSURE AND TEMPERATURE. APPO1080

APPG1070

: APPQO1080

EQ = TOTAL INTERNAL ENERGY OF THE MIXTURE APPC1090
£B1 = INTERNAL ENERGY OF THE BURNED PARTICLE APPO1100
EU = INTTERNAL ENERGY OF THE UNBURNED PARTICLES APPC1110
PO = CYLINDER PRESSURE BEFORE IGNITION APPO1120
TO = TEMPERATURE BEFORE IGNITION APPO1130
VTO(SA) = CHAMBER VOLUME BEFORE IGNITION, AT SPARK ADVANCE (SA) APPO1140
PRESS = CYLINDER PRESSURE AFTER A PARTICLE 1S BURNED APPO1150
TB1 = TEMPERATURE OF THE BURNED PARTICLE APP01160
fU = TEMPERATURE OF THE UNBURNED AFTER A PARTICLE 1S BURNED APPO1170
V = VOLUME OF CHAMBER AFTER A PARTICLE [S BURNED APPO1180
VB = VOLUME OF THE BURNED PARTICLES APP0O1190
VU = VOLUME OF THE UNBURNED AFTER A PARTICLE IS BURNED APP0O1200
N = TOTAL NUMBER OF PARTICLES IN CHAMBER APPO1210
NB = NUMBER OF PARTICLES BURNED APP01220
FIGN = IGNITION ENERGY, ASSUMED TO BE 30 MJ.{ 1CAL=4,184J )} APP0D1230
{ 6. MJ IN 0.2 MSEC ) APPO1240

SPOR = SPARK DURATION IN DEGREES OF CRANK ANGLE APP01250
= 2 DEGREES AT 1500 RPM FOR DURATION OF 0.2 MSEC. - APPD1260

: _ APPQ1270

APPG1280

PRINT®.' IGN ENERGY =',EIGN,’ CAL, SPARK DURATION =’ SPOR,'DEG’' APP01290

. .VOLUME OF SPARK IS CALCULATED AS THAT OF A CYLINDER WITH 0.25CM DIA. APPO1300
VGAP=3.1416/4,%0.25%+2 *GAP APPO1310

. .VOLUME OF SPARK 1S CALCULATED AS THAT OF A SPHERE WITH DIA =~ GAP. APP01320
VGAP=3,1416/6."GAP**3. APPO1330
N=VTO(SA) /VGAP*N8 APPO1340
PRINT*,* N = " ,N,' NB = ' NB APPO1350
PRINT*,* GAP =7,GAP,’' IGN DIA =',(6./3.1415°VGAP)**(1./3.) APPO1360
PRESS=PO APPO1370
VY TO(SA+SPDR) APPD1380
CALL UPROP (PO, TO.ENTHU,CSUBP,RHO) APP0O1390
EO=ENTHU* 1000 .~RU*TO APP01400
MASS=RHO*VTO({SA) APPO1410
PRINT*,’ MASS FLOW PER CYCLE = ,MASS,' GRAM’ APPO1420
EOWEQ*MASS APPO1430
PRINT*,' PHI = ', PHI APPO1440
EBI = (NB/N)*EO + EIGN APPO1450
EUl = ((N-NB)/N)®EC . APPO1460
EQT] = EBI + EUI APPQ1470
PRINT*," EBI,EUI :',EBI,EUI _ APPD1480

X = 0, APPO1490

PPLUS = PO®*0.00225*SFOR APPO1500
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DO 25 1 = 1,50 . APPO1510
TU = TO‘(PRESS/PO)"((GAMU—i.)/GAMug APP01520
CALL UPROP(PRESS,TU,ENTHU,CSUBF,RHO APPO1530
EU = ENTHU*1000,-RU*TU APPD1540
EU = EU*MASS*{N-NB)/N APP01550
VU = ((NvNB)/N)‘VTO(SA)‘((PO/PRESS)"(i./GAMU)} APP0D1560
WORKU = (PRESS+P0) *PSCALE * (VU-VTO(SA)*(N-NB)/N)/2. APPO1570
VB = V-vU ’ APP0O1580
TB1 = 2000. , T APP01580
CALL CLOPRD{PRESS,TB1,HB,CSUBP,RHOB, IER) APP01600
TB1 = VB*PRESS/(RB/PSCALE}/{MASS*NB/N) APPG1610
DO 95 J =1,50 . APP01620
. CALL CLDPRD{PRESS,TB1,HB,CSUBP,RHOB, IER) APPO1630
TH2=TR1 APPO1640
.o  TB1 = VB*PRESS/(RB/PSCALE}/{(MASS*NB/N) APPUTES0
IF(ABS(TB2-TB1).LE.0.5) GO TO 96 APPO1660
95 CONTINUE APPO1670
96 E8 = HB*1000.~RB*TB1 APPO1680
E8 = EB*MASS*NB/N APPO1E90
WORKB = (PRESS+P0)*PSCALE*{VB-VTO{SA)*NB/N)/2. APPQ1700
EOT = EU+WORKU+EB+WORKB . . APPO1710"
C PRINT*,’ PRESS,EB+WORKB,EU+WORKU :',PRESS,EB+WORKB, EU+WORKU APP01720
1F (ABS (EB+WORKB-EBI) /EBI.LE.Q.010.AND. AFPP01730
1 ABS (EU+WORKU-EU1) /EUL.LE.0.010) GO TO i5 APP01740
IF(1.GE.50) APPO1750
1 PRINT*,' NUMBER OF ITERATION EXCEEDS LIMIT AT IGNITION I’ APPQ1760
IF{1.GE.%0) STOP APPO1770
IF(X.EQ.0. .AND. (EB4+WORKB) /EBI.LT.1.} THEN APPO1780
PRESS » PRESS + PPLUS APPO1790
ELSE r APPD1800
X=X +1. : - APPO1810
1F { (EB+WORKB) /EBI.LT.1.) THEN AFPO1B20
PRESS = PRESS + (PPLUS/(2.%*X)) APPO1B30
ELSE APP01B40
PRESS = PRESS — (PPLUS/{2.°*X)) _e APP01850
ENDIF : APP{1860
ENDIF APF)1870
25 CONTINUE APPQ1880
15  SA=SA+SPDR APP01890
PRINT®, " +4++++++++++4++4+++++ AFTER IGNITION +++4++++t+H-+HH-HH+" APPO1800
PRINT *,' SA =',SA,' PRESS = ‘, PRESS,' ATM’ APPO1910
PRINT *, ' TU = *, TU,’ 'TB1 =', TBI ’ APP01920
PRINT®,’ VUi = ' ,VU/(N-NB),' VB1 =' VB/NB APP01930
PRINT*,’ BURNED DIA =',(6./3.1416°VB)**(1./3.) APP(1940
PRINT®,’ RHO =',RHO,' RHO/RHOB =',RHO/RHOB APP01850
PRINT*,' EU= ' ,EU,' EB = ' ,EB APP0O1960
PRINT®,’ WORKU =' WORKU,' WORKB =' WORKB APPO1970
PRINT®,' EOT! =',EQTI," EOT =',EOT P . APPO1980
c ‘ APPD1990
c APP02000
o APF02010
C TEMP(1) = TEMP OF PARTICAL I APP02020
C VOL{l) = VOLUME OF PARTICAL I - . APP02030
C FFR(I) = FUEL FRACTION OF PARTICAL 1 APP02040
c : APP02050
DO 110 1 = 1 ,NB— — APPO2060
TEMP(I) = TB1 .7 APP02070
VoL ( | }=vB/NB APP02080
FFR{1)=0. APP02090
TON(1)=0 APPO2100
110 CONTINUE . APPO2110
c AFP02120
C FO = FUEL FRACTION OF AN UNBURNED PARTICLE APP02130
c . APP02140
FO =" 44 7(44.+5%(32.43.76°28. ) /PHI) APP0O2150
NT®,* UNBURNED FFR =',FO,' UBN FUEL CONC. =',FO/44.,' MOL/G’'  APP02160
DO 120 [ = NB+1,MIN(N,9999) . APP02170
TEMP(1) = TU APP02180
vOL (1) =vU/ (N~NB) APP02190
FFR{1)=FO APPG2200
IDN( 1) =0 APP02210
120 CONTINUE APP02220

NT=NB APPO2230 °
M = MASS/N APPO2240
ME=NT *M APP02250
CALL COUNT(NT)} APP02260
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WA(1)=d4. - ‘ L - APP02200
WM{2)=18. ‘ T APPO2300
WM(3)=28. ‘ . APP02310
WM(4)=2, . APP02320
WM(5)=32. - ' . APP02330
WM({6)=28. SR : : APPO2340
WM(7)=44, APP0235%0
c ‘ - APP02380
FF1=FO APPQ2370
X1mFF1/44. _ APPO23B0
Yim{M*(1.=F0)/(1.+3.76*WM(6) /HM(5)) .- APP02390

1 -5.'(FO—FF1g‘M‘WM(S)/WMC7))/WM$5;/M APP02400 :
Vim3.76°M% {1.=FO) /WM(5) /{1.+3.76*WM(6) /MM(5)} /M APP02410
TOTMXU=X 14Y 14V1 ' APP02420
FFI=0 APP(2430
Vim3. 764 (1.-FO) /WM(5) /(1.+3.76*WM(6) MM(5)) /M APP02440
21-3.°iFo—FF1g*M-qu1g/wus7;/wmi7;/u APP0O2450
Wimd . * (FO-FF1}*MeWM(2) /WM(7) /M(2) /M APP02480
TOTMXB=V14W1+21 . APP02470
c , APP02480
PRINT*,’ CRGSTP =',CRGSTP,’ TIMSTP =',TIMSTP APP(02490
WRITE(S,600) APP02500
600 FORMAT(/4X,"SA’,7X,'VTO’, 6X, 'PCOM",5X, 'PRESS’, APP02510
1 4X, "UPRIM’ , 4X, "VER(%) *,4X, 'BMF{X) " ,BX, 'NT' 5%, 'N1",5X, 'N3", APP02520
1. ax, 'ETOTAL' 3%, 'T1AV' 5%, "T3AV' ,6X,'TU") APP0O2530
c APPO2%540
P1=PO APP0O2550
TI=TO APP02360
DP=0., APPQ2570
WORK=0 . . APP02580
HLAST=0. . APP02590
1UPT=0 APP02600
1CLDT=0 ) AFP02610
IKINT=0 APP02620
FNT=0. . . APP02630
DO 998 lAGE = 1,5Q0 APP0O26840
FNM( IAGE)=0. APP02650
998 CONTINUE APP02660
NAGE=D0. APPO2670
DSEEDw1234567. 000 - APP02680
c APP02690
DO 999 CRNGL = SA,SAF ,CRGSTP APP02700
C APP02710
C TO CALCULATE PRESSURE AND TEMP FOR MOTORED CYCLE . APP02720
c . APP02730
DO 101 SS=SAl,SA+CRGSTP,CRGSTP APPQ2740
" CALL UPROP(P1,T1,ENTHU,CSUBP,RHO) APP02750
PCOM=(VTO(SS) VTOESAI))“(-GAMU)‘P1 APP02760
TCOM={PCOM/P 1) ** ({GAMU—1) /GAMU) * T APP02770
DP 1S=(PCOM—P 1) /TIMSTP : APP02780
P 1=PCOM , APP02790
Ti=TCOM APP0O2B00
SAI=SS \ APPO2B10
101 CONTINUE . APP02820
. APP02830
PRESS 1=PRESS APPO28B40
DPDT=DP*PSCALE APP02850
XENO=T IMSTP APP02860
APP02870
IF(N1.EQ.0) THEN APP02880
CAVL 1SCOMP(VTO(SA),VTU({SA+CRGSTP) ,PRESS,POUT) APP02890
PRESS=POUT APPO2800
ENDIF APP02910
IF(N1.EQ.0) GO TO 19 APP02920
APP02930
1F =0 APP02940
IF2=0 APP02950
1F3=0 APP02980
1UP=D APPO2970
1CLD=0 APP02980
1K INwO APP02990
CALL KINET(X,XEND,DPDT,Y,YPRIM, HLAST) APPO3000
1UPT=JUPT+IUP APP03010
ICLDT=ICLDT+ICLD : AFP03020

IKINT=IKINT+IKIN h APP03030
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CALL COUNT(NT)
DO 131 1 = 1,NT
IF(IBURN(1).NE.1) IDN(I)=0
131 CONTINUE
C... PRINT®,’” N1 =*,N1,’ N3 =',N3 .
19 . SAmSA$CRGSTP -
DPu{PRESS~PRESS1) /TIMSTP

c PRINT®,* DPDT OF COMPRESSION =*,DPIS,' DPDT OF COMBUSTION =',DP

IF(N14N3.EQ.0) PRINT*,’' FLAME 1S QUENCHED 1’
IF(Nt4+N3.EQ.0) STOP

TiAve(,
T3AV=0,
DO 290 I = 1,NT

'APP03090

APP0O3100
APP03110 -
APP03120
APP0O3130
APP03140
APP0O3150
APPO3160
APPO3170 -

‘APP0O3180

APP03190
APP03200
APPO3210
APP03220
APP0O3230

L LBURN En‘ig_IJAM:IJ&!ilgﬁEII)
15 (1BURN( 15 .€0.3) T3AV=TIAVHTEMP(T)
29 CONTINUE
IF{N1,NE.O) THEN
T1AV=T 1AV/N1
ENDIF :
1F{N3.NE.Q) THEN_
TZAV=T3AV/N3
ENDIF

TO CALCULATE TOTAL INTERNAL ENERGY OF THE SYSTEM
AND AVERAGE BURNING AND BURNED GAS DENSITY (RHOAVE)

[sEeReN o]

* ETOTAL=0.
[N=C
VoL = 0.
DO 102 J=1,NT
IF (IBURN(J) .EQ.3) THEN
CALL CLDPRD(PRESS,TEMP(J),HB,CP,RHOB, IER)
ETOTAL=ETOTAL+M* {HB™ 1000.-RB*TEMP(J)) -
VOLB = vOLB+vOL (J)
ENDIF
IF(1BURN{J) .EQ.2) THEN
CALL UPROP(PRESS,TEMP(J),ENTHU,CSUBF,RHO)
ETOTAL=ETOTAL+M* (ENTHU*1000.-RU*TEMP(J))

ENDIF
IF { IBURN(J) .EQ. 1 .AND, IDN(J} .EQ.0) THEN
INmIN+1
JUMP=0
CALL KINTER(Y, IN,WU,WCM, INTER)
302 ETOTAL=ETOTAL+INTER*M*TOTMX

VOLB = VOLB+VOL(J)
IF (JUMP.EQ.1) GO TO 102
DO 301 I = 1,NT
lrilonilg.eo.Jg JUMP=1
IF{ION(TY .EQ.0) GO TO 302
301 CONT INUE
ENDIF
102 CONTINUE :
RHOAVE={N1+N3) *M/VOLB
CALL UPROP(PRESS, TEMP{NT+1) ,ENTHU,CSUBP,RHO)
ETOTAL=ETOTAL+(N=NT} *M* (ENTHU* 1000.~RU*TEMP (NT+1))
DWORK=( PRESS+PRESS1
WORK~WORK+DWORK
ETOTAL=E TOTAL+WORK
1F {ABS ({ETOTAL-EQT}/EOT) .GT.0.10)}
1 PRINT*,* EOT =',EOT,® ETOTAL =',ETOTAL,
1 * ... 1ST LAW IS VIOLATED !’
IF (ABS{ (ETOTAL-EOT)/EQT) .€T.0.10) STOP

c
C VE = ENTRAINED VOLUME
c
: VE=Q.
VFL=0,

0O 18 IE=1,NT+1
lFElE.LE.NT; VE=VE+VOL (1E) 5
IF{IE.GT.NT) vU=VOL({IE)*(N-NT)
18 CONTINUE -~
VD=ABS (VE4+VU-VTO(SA) } /VTO(SA)

*PSCALE * (VTO({SA)-VTO(SA-CRGSTP) }/2.

APPOS240
APPO3250
ARPO3260
APPQ3270
APP0328B0C
APP0O3280
APPO3300
APPO3310
APP03320
APPQO3330
APP03340
APPO3350
APP0O3360
APPO3370
APP03380
APP0O3390
APPO3400
APPO3410
APP0O3420
APPO3430
APPQI440
APPO3450
APPO3460
APPO3470

APP0O3480 °

APP034390
APPO3S00
APP0O3510
APP03520
APP0O3530
APP0O3540
APPD3550
APPO3560
APP0O3570
APP03580
APP0O3590
APP0O3600
APPD3610
APPO3620
APP0O3630
APP03640
APPOJE5(Q
APPO3660Q
APPQ3670
APPO368B0
APP0O3690
APPO3700
APPO3710
APP03720
APPQ3730
APP0Q3740
APPO3750
APPO3760
APPO3770
APP0O3780
APP03790
APPQ3B0O0
APPO3810
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lr(vo GT.0.05)

APPO3820

1 PRINT*," VTO{SA) =* VTO(SA) Y VEHVU =’ vs+vu APP0O3830
1 " ... PERFECT GAS LAW (VOLUME CONSTRA[N) IS VIOLATED 1* APPO3840
IF{VD.GT.0. os; sTOP APPO3830
VER=VE/(VE+VU)*100. " APPO3860
c : : APPO3870
CALL SHARE(SA,VE,H,RE,AE) APPO3880
c APP(3890
C UD = TURBULENT INTENSITY AT CLOSE OF INTAKE VALVE ( CM/SEC ) APP03000
C RHOO = DENSITY (UNBURNED) AT CLOSE OF INTAKE VALVE APPO3910
C. UPRIM = TURBULENT INTENSITY { CM/SEC) - APPO3920
c : * APP03930
TU-TEMP(NT+1) APPO3940
CALL SPEED(UD,RHOO,TU,PRESS,UPRIM,SL) ! APPO3950
UT=((2. -RHo)/(s 'RHOAVE))“ S*UPRIM+SL * APP0O3880
DTSTIMSTP ; APPO3970
RHO={N-NT) *M/vU APPO3980
ME=ME+DT*AE*UT*RHO APPO3990
NTP=NT - . APP0O4000
NTwME /M _ APR04010
FNT=FNTHME /M-NT = APP04020
IFEFNT.GE.I.; NT=NT+1 APP0O4030
IF{FNT.GE.1.) FNT=FNT-1. APPO4040
NAGE=NAGE+1 APP04050
{3 NAGE.GT.Soog PRINT®," NAGE > 500 |’ APPO4060
IF (NAGE.GT.500)} STOP APPO4070
NP (NAGE y=NT~NTP APP04080
c. PRINT®,* NAGE ="' ,NAGE,' NP =' NP{NAGE) APP04080
IFENT.GT .9999) 'PRINT*, ' PARTICLES ENTRAINED > 9999 1I° APPO4100
IF{NT.GT.9999) STOP APPO4110
CALL COUNT{NT . APPO4120
c APPO4130 .
C BMF = BURNED MASS FRACTION OF THE SYSTEM AFPO4140
C AFPO41%0
BMF=0. APPO4160
DO 31 I = 1,NT APPO4170
BME = BMF+(1 —FFR(1)JFQ) APPO4180
31  CONTIMUE APPO4190
BMF=BMF /N*100. APP04200
C APP04210
C ... CONSTANT € IS IN SEC/CM“2 APP04220
DELT=TIMSTP APPO4230
WeC*UPRIM®*2, APP04240
c ‘ : APP0425%0
C  CALL RANMIX WITHOUT AGE MIXING, CALL AGEMIX WITH ASE MIXING APP042680
C APP04270
C... CALL RANMIXEDELT,W.NM,FNMI.DSEED) APPO42B0
CALL AGEMIX(DELT,W,NM,DSEED) APPO4290
C... PRINT*," W ="' W," NM =" NM APPO4300
s lF(ABS(SA—lNT(SA)) EQ.0.) THEN APPO4310
: WRITE(6,601)SA,VTO(SA) ,PCOM,PRESS ,UPRIM, VER, BMF , APPO4320
1 NT,N1,N3,ETOTAL,T1AV, T3AV, TEMP(NT+1) APPO4330
601 FORMAT(/JX.F6.2,3X.F6.2,3X.F6.3,3X,F6.3.3X,F6.l. APPO4340
1 3X,F7.3,3X,F7.3,3%,14,3%.14,3%,14,3X,F6.2, APP0O4350 -
1 3% ,F6.1,3%,F6.1,3%X,F5.1) APPO4360
ENDIF " APP04370
999 CONTINUE APP04380
STOP APP04390
END s AFPO4400
Cutromnm s SUBROUT INE PRTY APPO4410
c APPO4420
SUBROUTINE PRTY(Y NG} APPO4430
REAL Y(NQ) APPO4440
WRITE(6,601) APPO4450
601 FORMAT(/6X, TEMP', 16X, 'C3HB") APPO4450
WRITE(6,602)Y APP04470
602 FORMAT(SX,F12.7. 5X,F12.7) APP0O4480
RETURN APPO4480
END APPO4%00
C APFPO4510
C SUBROUTINE COUNT(IN) APPO4520
c APPO4530
C IBURN(1)= 1 FOR BURNING PARTICLES APPO4540
C IBURN(I)= 2 FOR UNBURNED PARTICLES APP04550
C  IBURN(I APP04580

= 3 FOR FULLY BURNED PARTICLES
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SUBROUTINE COUNT(IN) _ ~ N APPU4390
COMMON/BURN/FFR(8999) , IBURN(9999) - ' APP04800
COMMON/PARNUM/N  NT N1 N2 N3 + APPO4610
COMMON/CHARB/PHI _ . APP04820
Niw0 . - APP04830
. N2wD ' ‘ APPO4640
N3=0 . : APP0O4850
FO = 44,/(44.45.%(32.+3.76%28.) /PHI) APPO4850
E : APP04670
DO 128 I=w1,IN o ' . AFP0O4880
1BURN(1)m=1 , APPO4690
IF rrn&:;.as.ro-o.os ) IBURN(1)=2 APPQ4700
IF(FFR(1Y .EQ.0.) IBURN(I)=3 : APP04710
IF (IBURN(I).EQ.3) THEN ' APP04720
NI=NIF1 - ARRQ4T IO
ELSE APPD4740
IF (IBURN(1) .EQ.2) THEN _ - APPO4750
N2mN2+ 1 . APP04760
ELSE APPQ4770
N1=N1+1 : APPO4780
ENDIF ' APP04790
ENDIF APP048Q0
125 CONTINUE . APPQ4810
IBURN(NT+1) = 2 APP0#4820
RETURN APPD4830
END ] APP04840
APP04850
APPO4860
BLOCK DATA ) APP04870
DIMENSION A(6,8,2 APPD48B0
EQUIVALENCE A1§1 .AE!.I.I ; APP04890
EQUIVALENCE (A2(1},A{1.1,2 APP04900
COMMON/JANAF/ A1(36),A2(36 APP04910
COMMON/THERMO/R ,RGS 1 ,RO2, PSCALE , PSCOR APP04520
COMMON /FUEL/ ENW,CX,HY,0Z,AST APP04930
COMMON /OXDANT /X1 APP04940
COMMON/CHARTH/RESFRK ,RICH, LEAN APPO4950
COMMON /CHARU/PHIFR ,PHIEGR ’ APP04960
COMMON,/CHARB /PH 1 APP0O4970
c APP04980
c , ‘ APP0O4990
C [ L X ] FUEL INFORMATION !‘t“...“i‘ttt“. APPO’OOO
c APP0O5010
DATA ENW,CX,HY,0Z,AST/ 0., 3., B., 0., 0.0/ APPO5020
DATA A1/11.94033,2.088581,-0.47029, .037363,~.589447,-97.1418, APP0S030
1 6.139004,4.60783,-.9356009,6,669498E-02, .0335801,~56.62588, APP0O5040
2 7.099556.1.275957.—.2877457,.022356.—.1598696.—27.73464. APPQ5050
3 %_585680,1.787191,-.2881342,1.951547E-02,.1611828, . 76488, APPOS060
4 7.865847,.6883719,—.031944,-2.68708E-03,—.2013673,~.893455, APPOS070
5 6.807771.!.453404.—.328985,215610355-02.—.1189482.—.331835/ APPOSOBO
DATA A2/4.737305.16.65283.—11.23249.2.828001.6.76702E—03,—93.75793APP05090
7 ,7.809672,-.2023519,3.418708,~-1.175013,1.43629E-03,~57 . 08004, APP05100
B 6.97393,-.8238319,2.942042,~1,176239 4. 132409E-04,-27.19597, APP0O5110
9 6.991878,.1617044,~.2182071,.2968197,—1,625234E-02,—. 118189, APPO5120
& 6.29571%,2.388387,-.0314788,—.3267433, 4. 35925E-03, , 103637, APPOS130
\ 7.0922,-1.2958,3.2069,-1.2022,-3.458E~04,~.013967/ APPO5140
s*s CHEMICAL INFO #ee*s . APP05150
APP0OS5160
DATA RESFRK,PHI,PHIFR,PHIEGR/0.,0.5,0.5,0.5/ APP0OS170
APPO5180
»ss MOLAR N-O RATIO OF OXDANT *** APP05190
APP05200
DATA X1 /3.76/ APP05210
APP05220
DATA R,RGSI,R02,PSCALE,PSCOR APP05230
& /1.9869,8.3143E7,.99345,2.42173E-2,1,2187E-2/ APPO5240
END APP05250

APP05260
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 APPENDIX B
THERMODYNAMIC PROPERTIES OF PARTICLES

The thermodynamic properties of particles are functions of the Lempcmtlﬁcs and cotn-

positions. The overall reaction mechanism for the combustion of propane in air is assumed.

Cilfg+ $07= 353 TW“:('Q—i)Gﬁ—+—3€6ﬁF4H§9MNg~———

Equation (37)

where ¢ is the equivalence ratio defined as

¢ _ aclual air fuel ratio
= atoichiometricair fuelratio

The enthalpy, internal energy, specific hcat at constant pressure and Hpt.clﬁc heat at

constant volume are calculated using polynomial curve fitting of thermodynamic propertics of the

JANAF Table (1971). The polynomial function and coeflicients aré taken from Hire et al (1976).

The specific enthalpy is calculated using the following function,

EII };[ﬂijT’/i] ~ [0 /T] + as;)

"

where & is the specific enthalpy in Kcal/g, X; is the number of moles of species i (i is 1 for COq,
2 for H,0, 3 for CO, 4 for Ha, 5 for Oz, and 6 for N3), T is the temperature, and aj; are the

coefficients of the polynomial function. These coefficients are shown in Table 13. The internal

energy in eal/mole of fuel is calculated by the following expression,

= R(0.233361 x 10~1075/5 — 0.545131 x 1077T"/4 + 0.351700 x 10-17%/3

+0.015750572/2 + 1.318417T ~ 14091.3) + 201.1M

where R is the universal gas constant and My is the molecular weight of propane. The internal

energy U in Kcal is obtained by the relation,

U=H-RT
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where ff is the enthalpy in Kcal. The specific heat at constant piessure is calculated using the

following polynomial function, \
o 6 4 ,
- Cp = Z X Z(a;jTJ_I +05_,-/T2)
- i=1 ,'l.=1

where Cy is the specific heat at constant pressure in cal/g° K. The specific heat at constant pressure
of fuel is calculated by the following expresai;)n,
Cp = R/M;(0.233361 x 1071074 — 0.545131 x 10~7T°

* 4+0.351709 x 10747? 4 0.0157505T + 1.31841) + R/M;
\\r .

The specific heat at constant volume C, is obtained using the relation,

Co=Cp—R ,

‘where R is the universal gas constant. The ratio of specifc heat can be calculated as,

2
I}
fe

For an unburned particle, the above calculations are performed by subroutine UPROP,
assuming the presence of the species on the left hand side of the reaction equation (37). Fora .
burned particle, subroutine CLDPRD assumes that dissociation of products is neglegable and that -
the species on the right hand side of the reaction equation are present. For particles with frosen
composition consist of all the species in the reaction equation, the above calculation is performed

within the subroutine MIXFRO.
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- APPO5260
APP03270

APPENDIX C APPO3280

“ APP05200
APPOS300

Commmmomene  SUBROUTINE SPEED(UO,RHO0, TU,PRESS,UPRIM, SL) APP0O3310
c : APP03320
c GIVEN : UO = TURBULENT INTENSITY BEFORE IGNITION APP0OS330
c " " RHOO = DENSITY (UNBURNED) BEFORE IGNITION APPOS340
c _TU = UNBURNED -TEMPERATURE - APPOS350
c PRESS = PRESSURE. IN ATM APPO3380
c - : APPOS370
c RETURN : UPRIM = TURBULENT INTENSITY APPOS380
c SL = LAMINAR FLAME SPEED APPOS390
c ; APPOS400
c_ NOTE U0 UPRIM,CM,SL_ARE IN-CM/SEC APPO3410
c , APPOS420
¢ APPOS430
c APPOS440
SUBROUTINE spzeosuo ,RHOO, TU, PRESS ,UPRIM, SL) APPOS450
COMMON /UGASP/ X(7) .MBAR,RU,GAMU,CPU,HU,TU1,RHOU APPOS480
COMMON/ THERMO/R ,RGS 1 ,RO2 , PSCALE , PSCOR APP0S470

REAL MR,K ‘ APPOS480

DATA MR.ALPHA,A,B,E/31.,-0.06,-0.46,1.46,37.7/ APPO5490

DATA ERMAX,MAXITS/0.01,25/ APPO%%00

c APPOSS10
CALL UPROP(PRESS,TU,ENTHLP,CSUBP,RHO) APPDS520
TGUESS=1800. APPOS530

CALL TEMPB(PRESS,TGUESS,ENTHLP,TB,ERMAX ,MAXITS, IER) APPOS540
IF(IER.EQ.1) APPO53%0

1" PRINT®.® ... NUMBER OF ITERATION EXCEEDS LIMIT IN “SPEED" I’  APPO3360
IF(IER.EQ.1) STOP APPOSS70
TM=TU+0 . 74* (TB-TU APPDSS80
CM-(B.'R‘E4.184E7 STM/ (3. 1416°MR) ) **(1./2.) - APPOS590
Ke(2.9TU/(3.07%TM)) * ((PRESS/1.) **ALPHA) APPOS600
YFOL-XES sep - APPOS810
YFFL=X{7}**A APPO3820
SL=K*CM* (YFOL*YFFL*EXP (-E*1000. /(R*TM)))**{1./2.) APPOSB30

UPR [M=U0® (RHO/RHOO0) **(1./3.) APPO%840

C APPOSBS0
RETURN APPOS660

E£ND APPOS670

) APPOS680

CTEMPB “‘.---“ll‘l' VERS[ON 1‘0 dha 5/29/74 AP AT RS ARG AN ERBEREEN RO RS Appossgo
c SUBROUTINE TEMPB APPOS700
c : APP08710
c PURPOSE APPOS720
c TO CALCULATE THE TEMPERATURE OF THE PRODUCTS Of HC-AIR APPOS5730
c COMBUSTION, FOR GIVEN. SPECIFIC ENTHALPY OF THE PRODUCT APROS740
c FOR GIVEN ABSOLUTE PRESSURE APPOS750
c APPOS760
c USAGE APPOS770
c CALL TEMPB(P,TGUESS,ENTHLP,T,ERMAX ,MAXITS, IER) APPOS7B0
c APPO%790
c DESCRIPTION OF PARAMETERS APPO%B800
c GIVEN ‘ APPO%B10
c p — ABSOLUTE PRESSURE OF THE PRODUCTS (ATM) APPOS820
c TGUESS— INITIAL GUESS FOR T (DEG K) APPOSB30
C PRI~ EQUIVALENCE RATIO OF THE PRODUCTS APPO5840
c DEL - MOLAR C H RATIO OF THE PRODUCTS APP0S850
c PSI - MOLAR N O RATIO OF THE PRODUCTS ¢ - APPOSEE0
c ENTHLP- ENTHALPY OF THE PRODUCTS (KCAL/G) APPOS870
c ERMAX — MAXIMUM ALLOWABLE RELATIVE ERROR IN RESULTANT T APPOSB80
c MAXITS— MAXIMUM NUMBER OF ALLOWABLE ITERATIONS WITHOUT APPOSBE0
c SUCCESS APPOS900
c IER - FLAG, SET TO 1 IF NO SUCCESS WITHIN MAXITS ITERATIONS APP05910
c RETURNS APPOS920
c T ~ TEMPERATURE OF THE PRODUCTS (DEG X) APPO%930
c 5 APP0S340
c SUBROUTINES AND FUNCTION SUBPROGRAMS .REGUIRED APP05950
c HPROD : APPOS860
c APPOS970%
¢ METHOD APPOS980
c NEWTON-RAPHSON [1TERATION APP0O5990
c APPOB000
c..l'..itlll.“‘-...ll-".“.‘.'.l..‘....‘.'.‘......‘I...“‘..l...‘...‘l‘Apposo1o
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SUBROUT INE TEMPB(P.TGUESS,ENTHLP.T,ERMAX.MAX!TS,IER) APPO8020
T = TGUESS : . ) . : APPOBO30
IER = O - APPOB040
K : , . APPOBOS0O
DO 10 [ = 1,MAXITS W _ ' - APPO60S0D
CALL HPROD(P.T.AHG,CSUBP.CSUBT.RHO.DRHODT.DRHODP) APP0S070
TOLD = T : . APPQ6080

T = T + (ENTHLP - AHG;/(CSUBP * 1,0E-3) APPOB090
) 1F( ABS({T - TOLD)/ T} .LE. ERMAX) GO TO 20 - APPO5100
{0 CONTINUE P ’ APP0OB110
C APP0S120
- 1ER = 1 © APP08130
" 20 RETURN : : APPOB140
, END APPOS150
c APPOB160
CHPROD AeBSAREE N RN VERSloN 2‘1 e 1/05/78 SESRRNR AR SRR NBRBASUNNEND APPOS"?O
c : ‘ APP06180
C SUBROUTINE HPRCD . APPO6180
C APP0O§200
c PURPOSE APP0B210
» T0 CALCULATE THE PROPERTIES OF THE PRODUCTS OF HYDROCA APP06220
c AIR COMBUSTION AS A FUNCTION OF TEMPERATURE AND PRESSURE, APP06230
c USING AN APPROXIMATE CORRECTION FOR DISSOCIATION. APP06240
c H AND RHO ARE CALCULATED AS FUNCTIONS OF P, T, AND PHI. APP0O6250
c THE PARTIAL DERIVATIVES.OF H AND RHO WITH RESPECT TO APPO6260
c P AND T ARE ALSO CALCULATED WPP0B270
C APP06280
c USAGE " APP06290
c CALL HPROD (P, T, H, CP, CT, RHO, DRHODT,DRHODP) APPO6300
c . APPOE310
c DESCRIPTION OF PARAMETERS APP06320
C GIVEN : APP06330
c P ~ ABSOLUTE PRESSURE OF PRODUCTS (ATM) APPOE340
c T - TEMPERATURE OF PRODUCTS (DEG X) APPOS350
c GIVEN IN COMMON AREA /CHARGE/ APPOG380
c PHI - EQUIVALENCE RATIO (FUEL/AIR RATIO DIVIQED BY THE APPOB370
c CHEMICALLY CORRECT FUEL/AIR RATIOQ) % APP0B380
c GIVEN IN COMMON AREA /PRODMR/ APP05390
o DEL - MOLAR C H RATIO OF THE PRODUCTS APPO6400
c PSI - MOLAR N O RATIO OF THE PRODUCTS APFOG410
c GIVEN IM COMMOM AREA /THERMS/ APPO6420
c PSCALE— CONST TO GIVE CAL FROM ATM-CC APPO6430
c R ~ GAS CONSTANT APPOG6 440
c ROVER2 — GAS CONSTANT DIVIDED BY TWQ APPOG450
c PSCOR — PSCALE DIVIDED BY GAS CONSTANT APPDS460
c RETURNS . : APPOG470
C H — SPECIFIC ENTHALPY OF THE PRODUCTS (KCAL/G) APPO6480
c cP — PARTIAL DERIVATIVE OF H WITH RESPECT TO T AT C APRO6490
c P AND PHI  (CAL/G-DEG K} APPOE500
C cT ~ PARTIAL DERIVATIVE OF H WITH RESPECT TO P AT C APPO6S10
c T AND PHI  (CC/G) ) APPOE520
o RHO - DENSITY OF THE PRODUCTS {6/cc) APPO6530
c DRHODT— PARTIAL DERIVATIVE OF RHO WITH RESPECT TO T AT APP0O6540
C CONSTANT P AND PHI  (G/CC-DEG K) APPU6550
c DRHODP~ PARTIAL DERIVATIVE OF RHO WITH RESPECT TO P APPO6560
o CONSTANT T AND PHI  (G/CC-ATM) APPOS570
C APP06580
C RETURNS IN COMMON AREA FROZEN -APPO6590
c CMFROZ- FROZEN SPECIFIC HEAT (CAL/G - DEG K) APPOE600
o REMARKS APPO6610
c 1) ENTHALPY DATUM 'STATE IS AT T = 0 ABSCLUTE WITH APPOE620
c 02, N2, H2 GASEOUS AND C SDLID GRAPHITE APPOG630
C 2) MULTIPLY ATM—CC BY .0242173 TO CONVERT TO CAL APPDE640
C APPOGES0
c SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED APPOEE6O
o CLDPRD APPOS670
c APPO6680
C METHOD APP0O6630
C SEE MARTIN & HEYWOOD 'APPROXIMATE RELATIONSHIPS FOR TH APPO6700
C DYNAMIC PROPERTIES OF HYDROCARBON-AIR CCMBUSTION PRODU APPOE710
C APP06720
o APPOB730
c APP0OS740
C...-00..‘.l.“t....‘..lll'!“tt“‘t‘l.'.““ttt“l.ll‘.'t‘a.‘“Dtl"'t‘APPOE?SO
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SUBROUTINE HPROD(P.T.H.CP.CT.RHO.CCT,CCP)

Z = ABS((1.~ PHI)/X)

APP08770
LOGICAL RICH, LEAN, NOTHOT, NOTWRM, NOTCLD APP08780
. REAL MCP, WWT, K1, K2 APPOS790
CHARB/PHI . APP0O8BOO
COMMON/CHARTH/RESFRK ,RICH, LEAN APP08B10
COMMON /PRODMR/DEL ,CHI, DUM, DUMY ,EPS0, EPS APP08820
COMMON /BGASP/CCB(7) ,MAT,RB,GAMMAB,CPB, HB APP08830
COMMON/ THERMO/RGAS ,RGS ,ROVER2 , PSCALE , PSCOR APPOBB40
* COMMON/FUEL /ENW, CX ,HY ,0Z, AST APPOSBS0
COMMON/OXDANT /PS1 APP0SES0
DATA 11/0/ APPOBB70
c _ : . APP0O8880
C INITIALIZE PARAMETERS USED IN THE CALCULATION APPOBBR0
c n - APPOB900
PATA—YCOLD, THOT /1000., 1100./ "APPOS010
c . APPO6920
NOTHOT = T .LT. THOT . APP0B930
NOTCLD = T .GT. TCOLD . APP08940
NOTWRM = .NOT. (NOTCLDQAND. NOTHOT) APP0OB9S50
1F(T.GE.2800.) T=2800. APP08960
¢ APPO8970
c USE SIMPLE ROUTINE FOR LOW TEMPERATURE MIXES APPO8OBO
c APPO8990
IF (NOTCLD) GO TO 1 APPO7000
CALL CLDPRD(P.T,H,CP,RHO, IER) APPO7010
RETURN APP07020
1 IF(11) 3,2,3 APP07030
c . APPO7040 -
C **+ DO THIS ONLY FIRST TIME APP07050
c APPO7080
2 Ii=t APPO7070
DEL=CX/HY , APP07080
EPSw(4.*DEL) /(1. + 4.*DEL} APP07050
CS = 2.- EPS + PSI ° : APPO7100
C6.= EPS + 2.*C5 APPO7110
C3 = (121.5 + 29.59%EPS)*1000. APP07120
C4 = 1.175ES APPO7130
T5 = 3.%C5 APPO7140
TV = (3256.- 2400.°EPS + 300.°PSI)/(1.- .B*EPS + L09*PS1) APPO7150
3 DEL=3./B. APPO7160
EPS={4.*DEL}/(1. + 4.°DEL) APP07170
HFO-PH1'§20372.'EPS—114942.) . APPO7180
MCP = (8.%EPS + 4.)*PHI + 3g§ + 28.*PS1 APPO7160
RO2ZMCP=ROVER2/MCP APP07200
LEAN=PHI.LE.1. : APP0O7210
IF (LEAN) GO 7O 4 ™~ APP07220
c RICH CASE APPO7230
HEO=HFO + 1000.°%(134.39 — 6.5/EPS)*(PHI ~ 1.) APPO7240
Cl0= 2. + 2.-27.- 4.‘EPS§'FH[ + 7.PSI- APP072%0
Co0w 8. + 2.%(2.— 3.%EPS)*PHI + 2.*PSI APP07260
DO=PHI*(2.-EPS)+PSI APP07270
GO TO 5 APPO7280
c LEAN .CASE ‘ APP07290
4 C10m 7. + . (9.- a.-EPsg—PHI + 7.*PSI APPO7300
v C20= 2. + 2.%(5.— 3.%EPS)*PHI + 2.°PSI APPO7310
DO=1.+PHI*(1.-EPS)+PSI APP0D7320
c APPO7330
¢ *** ENTRY AFTER FIRST CALL APPO7340
c : APP0O7350
c CALCULATE EQUILIBRIUM CONSTANTS FOR DISSOCIATION ’
C (NOTE THAT THESE HAVE UNITS ATM**(.5) ) ‘ APPO7370
c ' APP07380
5 Ki = 5.B19E—6 * EXPE.9674‘EPS + 35310./Tg APPO7390
K2 = 2.961E-5 * EXP(2.593*EPS + 28980./T APPO7400
c APP0O7410
c CALCULATE A, X, Y, & U
c APPO7440
c 1F ({4 *P*K1*K1*EPS) .EQ.0.)STOP APPO7450
A m { C5/(4.*P*K1*KI*EPS) )**(.33333333) APP0O7460
AA=TSS (1.4A+A)+2. *CE*A®A APPO7470
c APPO7480
X = ASEPS®(TS4CE°A)/AA APPO7480
¢ APPQO7500

APPO7510

——
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U = C5*(EPS = 2.°X)/(4.7K1°K2*P*X)

APP0O7520
IF{LEAN) GOTO 10 . . APP0O7530
Y-X/(1.+.0688887‘Z+.3333333'2'2—.6666667'(PHl—i.)g APPO7540
DYDX= (Y*Y)/(X*X)*(1.+ 4.%2/3. + 2*Z — 2.*(PHI-1.)/3.) APP0O7550
. GOTO 20 . : APP07360
'JO ACH—1.+.0866687'Z+1.3333333‘(1:-PHI) APPO?7570
YeX/{SORT(ACH) ) : APP07580
DYDXw=(Y/X)**3*(1.42Z+1.333333"* {1.-PHI)) APPO7590
c . APPO7600
c CALCULATE THE ENTHALPY OF FORMATION FOR THIS APPROX IMATE APPO7610
C COMPOSITION '
c ALSO GET THE COEFFICIENTS FOR T & Tv TERMS
c : ' APPO7640
20 HF = HFQO 4C3*Y +C4*U APPO7650
C1 = C10 +%5.°Y + 3.%U . APPD7680
C2 = C20 -8.%Y -2.*U APPO7870C
D = DO Y+ U APPQ7680 -
c APPQO76%0
c ADD IN TRANSLATIONAL,VIBRATIONAL, AND ROTATIONAL TERMS TO GET APPC7700
c TOTAL ENTHALPY
C APPO7720
EXPTVT= EXP(TV/T) APPO7730
TVTIL = TV/( -EXPTVT - 1.) APPO7740
c . APPO7750
H = . Q01*RO2MCP*{C1*T + C2*TVTIL + HF} - APPQ7760
c APPQ7770
c CALCULATE AVERAGE MOLECULAR WEIGHT, AND GET DENSITY BY APPQ7780
‘c USING THE PERFECT GAS LAW :
[ APP0O7800
WT = MCP/D APPQO7810
RHO = MWT®*P*PSCOR/T APPO7820
RHOB=RHO ’ APPO7830
RBmRGAS /MWT APPO7840
- C : APPO7850
c GET PARTIAL DERIVATIVES IF DESIRED APP0O7860
c : APPO7870
C APPO7900
c APPO7310
DUDTPX = 64780.*U/(T*T) APP07920
DUDPTX = -U/P APP0O7930
DUDXPT = ~U*EPS/(X*(EPS - 2.*X)) APPO7940
c . APPO7950
DADTP = 23873.*A/(T*T) APPQO7360
DADPT = —A/(3.*P APPQ7970
C APP07980
DXDA=TS*EPS* {T5+2.*C6*A) /AA/AA APP07990
o APPOBO0C
c APPOBO30
DYDTP = DYDX*DXDA*DADTP APP0OB0O40C
DYDPT = DYDX*DXDA*DADPT APPOBO50
DUDTP = DUDXPT*DXDA*DADTP + DUDTPX APP080E0
DUDPT = DUDXPT*DXDA*DADPT + DUDPTX APPOBO70
c APPOBO80
DHFDPT = C3*DYDPT + C4*DUDPT APP0B090
DC2DPT = =2.*(3.*DYDPT + DUDPT) APPOB100
DCIDPT = 5.+DYDPT + 3.*DUDPT APPO8B110
DHFDTP = C3 * DYDTP + C4*DUDTP APPOB8120
DC2DTP = —2.*(3.*DYDTP + DUDTP) APPOB130
DC1DTP = 5. *DYDTP + 3.°*DUDTP APP0OB140
c APPOB150
DTVDTP = (TVTIL‘TVTIL)/(T‘T)‘EXFTVT APPO8160
C APPOB170
CPFROZ = RO2MCP*(C1 + C2*DTVDTP) APPOB200
c APP0B210
CP = R02MCP‘§T‘DC1DTP+TVTIL'DC2DTP+DHFDTP)+CPFROZ APPOB220
CT = RO2MCP* (T*DCI1DPT + TVTIL*DC20DPT + DHFDPT)/PSCALE APP08230
CPB=CP APPOB8240
G T /D APPOB280
DMOTP = G'EDYDTP + DUDTPg APP0B290
DMDPT = G*(DYDPT + DUDPT APRQB300
c f APPOB310
CCT=1,-DMOTP*T/MAT APP08320
CCPw1 . +DMDPT*P /MW T APPOB330
GAMMAB=CP/ (CP-RB) APPOB340
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IF CALCULATING FOR A INTEMDfATE TEMPERATURE, USE A WEIGHTED APP(08360

c
. c AVERAGE OF THE RESUYTS FROM THIF ROUTINE AND THOSE FROM THE APPOB370'
c SIMPLE ROUTINE - APPOB380
c APP0B390
IF (NOTWRM) RETUR APPOB400
c ) ' . APP0B410
CALL CLDPRD(P,T,TH,TCP,TRHO, IER) APPOB420
W1 = (T - TCOLD)/(THOT ~ TCOLD) : : APPO8430
W2 = 1.0 - Wl : APPOB440
c : . APPOBASO
. H = WI*H + W2*TH APPOB4SO
RHOB = W1*RHO + W2*TRHO APPOB470
CP = WI*CP + W2*TCP - APPOB480
CT = Wi*CT APP08490
" CCT=W1*COTHW2 APPOBS00
CCP=W1*CCPW2 : APPO8S10
MT=(RHO*T) /(PSCOR*P) APPOB520
CPB=CP— £ “ARRDBB3OC
c APPOBS40
IF (GAMMAB.LT. 1. .OR,GAMMAB.GT.2.) THEN- / APPOS550
PRINT*,* * ! _ APPOB560
PRINT® . *#ssssssssssses EXECUTION STOPPED AT HPROD #*vessesssssses APPOBS70
PRINT*,' * APPOBS80
PRINT*,'T =*,T," P =',P APP0B5S0
PRINT*.'CPB =',CPB," RB =',RB APPOBEO0
PRINT®, "GAMMAB =’ ,GAMMAB , APPO8610
PRINT*,’ * _ APP0B620
PRINT® . *##eassssnsosss EXECUTION STOPPED AT HPROD e#esssesssssess APPOBEI0
PRINT*,* * ' APPOBG40
ENDIF ' APPOR650
IF (GAMMAB.LT. 1. .OR.GAMMAB.GT.2.) STOP . APPOB650
c ' APPOBS70
RETURN APPO8680
END 2 APPOBEIO
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APPENDIX D

APPOB700
APPD8710
APPOB720
APPOB730
APPOB740

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCAPP08750

OOOCOONO0OO0NO0O0o0O0O0Oa000000000.

oo

USAGE

OUTPUT :

-

’

SUBROUTINE MIXFRO

: TO CALCULATE NEW COMPOSITION AND THERMODYNAMIC PROPERTIES

OF A PAIR OF IDENTICAL PARTICLES RESULTED FROM A BINARY

MIXING.IT IS5 ASSUMED THAT THE VOLUME AND PRESSURE HAVE NOT.
CHANGED, AND .THE PROPERTIES AND COMPOSITION ARE FROZEN

DURING THE MIXING PROCESS.

INPUT : COMPOSITION OF PARTICLE 1 AND 2

X1, X2 = MOLES OF FUEL/ G

Y1, Y2 = MOLES OF 02 / 6

V1, V2 = MOLES OF N2 / G

21, Z2 = MOLES OF CO2 / G

Wi, W2 = MOLES OF H20 / G

THERMODYNAMIC PROPERTIES OF PARTICLE 1 AND 2

VOL1, VOLZ = VOLUME OF EACH PARTICLE

T1, T2 = TEMPERATURE OF EACH PARTICLE

X0, YO, VO, 20, WO { MOLES / G

G )
TEMPERATURE OF EACH PARTICLE AFTER MIXING, TO (K)
SUBROUTINE NEEDED : NONE

SUBROUTINE MIXFRO(F1,F2,vOL1,VOL2,T1,T2)
LOGICAL RICH,LEAN

DIMENSION TABLEE ; A%s 6. 2; LEC(10;.MX(7,3),X(lD).WM(10)

EQUIVALENCE (A1)

REAL MBAR,MX, INTER

REAL T,M,MASS

REAL TEMP(3)
COMMON/MIX/MASS ,F3,VOL3, TO
COMMON/PARNUM/N , NT N1 N2 N3
COMMON /FUEL/ ENW,CX,HY,0Z AST
COMMON/JANAF/ A1(36) ,A2(36) T
COMMON/CHARU/PHIFR , PHIEGR

COMMON /CHARB/PH1

COMMON/CHARTH/RESFRK , RICH, LEAN

COMMON /OXDANT /X1

COMMON,/ THERMO/RGAS ,RGS | ,RO2 , PSCALE , PSCOR
DATA TABLE /-1.,1.,1.,-1.,0.,0.,0./

DATA ERMAX,MAX1TS/S.E-04,50/

Y, (A2¢1) ,A(1,1,2))

MOLECULAR WEIGHT OF SPECIES

1
2)m=18,
3)=28.
4)=2,
5)=32.
6£)m28
Tymas,

ZEEEFEE

F0-44./(44.+5.'(32.+5.76'28)/PH1)

XI—M‘FI/WM(7§

T PO a5 PO ey
V1-3.76'M°(1.—F0)/WME § 1.+3, 7s°wu 6) /WM(S))/M
Z1m3,*(FO-F1)*M*WM( 1 /WM 7) /¥M(7 /M

Wim4, * {FO=F 1) *M*WM(2) /WM(7) /WM

X2=M*F 2 /WM (7

T Y 2=(Me(1,-FO) /(1. +3.76°MM(B) /MM(5)) -

—5.-(ro—r2)'M'WW%Sg/WM(7 Y/AM(5) M
V2=3.76°M% (1.~FO) /WM(5)/(1.43.76°W (

NEW COMPOSITION OF EACH PARTICLE AFTER MIXING

I

APPO8760
APPO8770
APP08780
APPOB790
APPOBBOO
APPOBB10
APP08B20
APP0B830
APPOB840
APPOBB50
APPOBB60
APP08B70
APPOB8B0
APPOB890
APP08300
APP0B910
APP0B920
APP0B930
APP08940
APPOB9S0
APPOBSS0
APPOB970
_APP089B0
* APPOB990
APPQ9000

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCAPPOQ010

APPQS020
APPQ9030
APPOS040
APP0S050
APP09060
APP0S070
APP0S0BO
APPQS080
APP0OS100
APP0OS110
APP09120
APPOS130
APPQ9 140
APP0O9150
APP09160
APP09170
APP0S180
APPO8180
APP09200
APPQ9210
APP0S220
APP09230
APP09240
APP09250
APP0OS9260
APP0S27Q
APPQ9280
APP09290
APP09300
APP09310
APP0O9320
APP09330
APP09340
APP09350
APP09360
APPQ9370
APPQ9380
APPD9390

APF09400

APP0OS410Q
APP09420
APP0O8430
APP09440
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c

c .
C—— NEW COMPOSITION AFTER MIXING

c

[eAniel

1

9

Z2w3 . *
Wam4, o

EFo—Fig-u-wu£1;/wu27;/ﬁuﬁ7;/u
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FO-F2) emewm(2) /WM(7) 7WM(2) /M

TOTMX 1= 147 1+V 1401421
TOTMX 2mX 247 2+V 242422

4

3333331333133

7 TOTAL INTERNAL ENERGY OF THE TWO MIXING PARTICLES

-

WR R RN R R = s =t et s — —

v

UMBER OF MOLES PER UNIT MASS,

-zl

=-X2 ‘

TEMPERATURE AND VOLUME

TEMP(1
TEMP

3

-T1
=T2

ENTRY FOR CALCULATION OF ENTHALPY

CALCULATE H, CP, AND CT AS IN WRITEUP, USING FITTED
COEFFICIENTS FROM JANAF TABLES

INTER=0. '
TU IS IN CAL/MOLE OF SPECIES

TCVS,TCVF IN CAL/MOLE/K

0O 10 K=1,2

IR = 1

T=TEMP(K)

IF( T .LY.500.) IR = 2

STw=T/1000.

DO 40 J = 1,6

+
- A(5,J.IR)/ST + A(6,J,IR))*1000. —-1i.98726°T

INTER=TNTER+TU*MX (J,K) *M

40 CONTINUE

THIS PART IS FOR FUEL PROPANE

FM=44.09

RFV=RGAS/FM '

T RGAS‘(((((0.2333615—10{5.'T - 0.545131E-7/4.)°T

A{2,J,1R)/2. ST

TV = ((E( A(4.J,1R;/4.‘ST iA(S.J.1Rg/3. }*sT

*ST + A(1,J,IR)

+0.351709E-4/3.)°T
30.157505E-1/2.)°T
+1.31841)*T

~14091.3) + 201.1*FM

INTER=INTER+TU*MX(7,K) *M
16 CONTINUE
U=INTER

F3=(F1+F2)/2.
VOL3~{VOL14+VOL2) /2.
*F3/MM{TY /M .
(M*(1.-FO)/(1.+3.76°WM(6) MM(5))
=5+ (FO-F3) *M*WM(5)} /YW(7) ) /WU(5) /W
VO=3.76%M* (1.—FO0) /MWM(5) /(1. +3.76*MM(6) //M(5)) /M
Z0=3.* (FO=F3) *M*¥M( 1) /WM(7) /M(7) /M
WO=4 . * (FO-F3) *M*WM(2) /tM(7) /wM(2) /M

MX
MX
WX

Z

1,3
2,3
3.3

2

NEW VYALUE OF TEMPERATURE AFTER MIXING

=20
=0
=0

APPOS430
APP09460
APPQ2470

_ APPOD480

-

APPO9480
APP09500
APP09510
APP09520
APP09530
APP09540
APPO9%550
APP0$560
APP09570
APP09380
APP09500
APPO9800
APP09610
APP09820
APP09630
APP09640
APP0S650
APP09660
APP08670
APP09680
APPOS690
APP0§700
APP09710
APP0g720
APP09730
APP09740
APP09750
APP09760
APP09770
APP09780
APP09790
APP09800
APPOSB10
APP09820
APP09830
APP0SB40
APPO9BS0
APP02860
APPO9BT0
APP09880
APP09890
APP09900
APP09910
APPO®920
APPQ9930
APPOB940
APP02850
APP09960
APP09970
APPO2980
APP0S990
APP10000
APP10010
APP10020
APP10030
APP10040
APP10050
APP 10060’
APP10070
APP10080
APP10080
APP10100
APP10110
APP10120
APP10130
APP10140
APP10150
APP10160
APP10170
APP10180
APP10180
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" MX(4,3)=0 .
MX(%,3)=Y0 :
MX(6,3)}=v0 \
MX {7, 3)=X0 ‘
TEMP(3

= (TOTMX1*T 14TOTMX29T2) /{ TOTMX 1+TOTMX2)

DO 20 I=1,MAXITS
INTER=O.
TCY=0.
T=TEMP(3)
ST=T /1000.
IR =1
IF(T.LT.500.) IR = 2
DO 50 J = 1,6
TU = {(({ A(4,J.IR;/4.'ST + A(J.J.!Rg/s. )*ST
+  Al2,J1R)/2.0°sT + A(1,J,IR) )*sT
— A(S.J,IR)/ST + A(6,J,IR))*1000. -1.98726°T
INTER=INTER+TUSMX (J,3) *M*2.
TCVS=({ A(4,J.IR)*ST+A(3,J,IR) }*ST + A(2,J.IR))*ST
+ A(1,J.IRY+A(5,4,1R)/ST**2 ~1.98726
TCV=TCV4+TCVS*MX(J, 3} *M*2.

50 CONTINUE

Cc

20
30

— e ——p

-

1

THIS PART IS FOR FUEL PROPANE
FM=44.09
RF V=RGAS/FM
TU= RGAS*(((((0.233361E-10/5.°T ~ 0.545131E-7/4.)°7T
4+0.351709€-4/3.)*T
+0.157505E-1/2.) T
+1.31841)*T
-14091.3) + 201.1°FM
INTER=INTER+TU*MX(7,3)*M*2,
TCVF=RFV* ({ ({0.233361E-10*T —~0.545131E-7)°T
+0.351709E—4)*T +0.157505E-1)*T +1.31841)
TCV=TCV+EM* TCVF *MX (7, 3) *M* 2.
TO=TEMP(3) .
TEMP(3)=TEMP{3)+(U=INTER) /TCV
IF (ABS(U-INTER} /U.LE .ERMAX) GO TO 30
1FC1.GE.MAXITSY PRINT*,® (U-INTER}/U =", (U-INTER} /U
IF(1.GE.MAXITS

PRINT*,' ... NUMBER OF ITERATION EXCEEDS LIMIT IN "MIXFRO" 1°

1F(1.GE.MAXITS) STOP
CONT INUE

TO=TEMP(3)

RETURN

END

APP10200
APP10210
APP10220
APP10230
APP10240
APP10250

© APP10260

APP10270
APP10280
APP10290
APP10300
APP10310
APP10320
APP10330
APP10340
APP10350
APP10360
APP10370
APP10380
APP10380
APP10400
APP10410
APP10420
APP10430
APP10440
APP 10450
APP 10460
APP10470
APP10480
APP10490
APP105Q0Q
APP10510
APP10520
APP10530
APP10540
APP10550
APP10560
APP10570
APP10580
APP10580
APP 10600
APP10610C
APP10620
APP10630
APP10640

~

APP10650

H
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, ' APP10870

APP10680
APPENDIX E APP10680

. : ' _ APP10700

. APP10710
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCAPP10720
c : ) : APP10730
SUBROUTINE RANMIX(DELT,W,NM,FNM1 ,DSEED) : APP10740

Cc - APP10750
COMMON/MIX/MASS,F3,VOL3, TO3 APP10760
COMMON/PARNUM/N , NT N1 ,N2 N3 - APP10770
COMMON/BURN/FFR(9999) , IBURN(9999) APP10780
COMMON/TEMVOL/TEMP(QQQB).VOL(9999) APP107390
COMMON/ TDNUM/ TDN(9999) APP10800

REAL NM,CHOSEN(9999) APP10810
INTEGER IR(2),.,K,NR APP10820
DOUBLE PRECISION DSEED APP10830

c ) APP10840
C NM = NUMBER OF PAIRS TO BE MIXED AT A FREQUENCY OF °"W'. APP10830
c. . APP10860
DO 100 I = 1,NT APP10B70
CHOSEN(1)=0. APP10880

100 CONTINUE APP10890
c . APP10900
XNM = DELT*W*NT APP10910

NM = INT(XNM) APP10920
FNMt=FNM 1 +XNM=NM APP10930
IFEFNMi.GE.l.; MMM 1 _ APP10940
IF(FNM1.GE.1,) FNMi=FNM1-1. APP 10950

C... PRINT*,’ NUMBER OF PAIRS TO BE MIXED =’ NM AFP10960
c APP1Q870
C RANDOM GENERATOR "GGUD" GENERATES NR INTEGERS FROM 1 TO K APP 10980
€ { INITIAL SEED DSEED RANGES FROM 1.0D0 TO 2147483647.0D0 ) APP 10980
c APP11000
K = NT APP11010

NR = 2 - APP11020

c APP11030
DO 130 1 = 1, ,NM APP11040

22 CALL GGUD{DSEED,K,NR,IR) APP11050
IM=IR(1 APP11060

12=1R(2 -~ APP11070
IF(CHOSEN(I1).EQ.1..0R.CHOSEN(12).EQ.1.)GO TO 22 APP11080
CHOSEN(I1)=1. APP11090
CHOSEN(12)=1. . APP11100
IF(1BURN(I1) .NE.IBURN(12) .OR. APP11110

1 (IBURN{I%).EQ.1.AND,IBURN(12).EQ.1)) THEN APP11120

C... PRINT*,1," MIXING :",11,12 APP11130
CALL MIXFRO(FFR(Ii)‘FFR(lz),VOL(I1).VOL(12).TEMP(I1).TEMF(IZ)) APP11140
FFR(I1)=F3 . APP11150
FFR{12)=F3 APP11160
vOL(I1)=vOL3 APP11170
VOL{I2)=vOL3 APP11180
TEMPEI13-T03 APP11190
TEMP(12)=TO3 APP11200

DO 8 J = 1,NT APP11210
IF(IDN(J) .EQ.11.0R. IDN(J).EQ.12) IDN(J)=0 : APP11220

8 CONTINUE APP11230
10NE[1;-0 . APP11240
IDN(I12)=I11 APP11250

ENDIF APP11260

130 CONTINUE APP11270
CALL COUNT(NT) . APP11280

c APP11280
RETURN APP11300

END APP11310
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APPENDIX F

SUBROUTINE KINET
PURPOSE

TO CALCULATE THE EVOLUTION OF SPECIES CONCENTRATION AND TEMPERATURE
IN A~TIME STEP DT. THE EVOLUTION OF SPECIES IS CALCULATED USING
A SINGLE STEP REACTION MECHANISM DESCRIBED IN WESTBROOK AND DRYER.

THE 1ST LAW 15 USED IN DIFFERENTIAL FORM.
GIVEN:

% (SECOND)} TIME AT WHICH INITIAL VALUES ARE GIVEN
XEND {SECOND} TIME AT WHICH VALUES ARE DESIRED
P (ATM) PRESSURE AT TIME XEND

GIVEN INITIAL VALUES AT TIME X FOR

Y(1) (K) TEMPERATURE
v({2) (MOLES/G) CONCENTRATION OF PROPANE FUEL

RETURN VALUES AT XEND FOR

YE1 K) TEMPERATURE
¥{(2 MOLES/G) CONCENTRATION OF PROPANE FUEL

SUBROUTINES AND FUNCTION PROGRAM NEEDED
~SUBRCQUTINE FCN
—FUNCTION F2 CALCULATE THE DERIVATIVE OF TEMPERATURE WITH
RESPECT TO TIME
~FUNCTION F1 CALCULATE THE RATE OF DEPLETION OF PROPANE FUEL
-BLOCK DATA CONTAINS COEFFICIENTS USED TO CALCULATE INTERNAL
ENERGY AND SPECIFIC HEAT (SEE SAE PAPER BY HIRES ET AL )

CCCCCCCCCCCCCECGCCCCCCCCCCCoCCCCCCCCCCCCCCCCCCCCCCCCCECCCCCCCCCCeietl

SUBROUT INE KINET(X,XEND,DPDT,Y,YPRIM, HLAST)

COMMON/CHARU/PHIFR , PHIEGR
COMMON/AFRN/Y, TOTMX , P, M
COMMON/TEMVOL /TEMP (9999) , VOL (9999)
COMMON/BURN/FFR(9999) , IBURN(9999)
COMMON/ IDNUM/ IDN(9999)

COMMON/PARNUM/N NT N1 ,N2,N3

" COMMON/EQGNUM/NQ
COMMON/CHARB/PHI
COMMON/CHARTH/RESFRK ,RICH, LEAN
COMMON/UGASP /UX (7) ,MBAR ,RU, GAMU , CPU, HU , TU, RHOU
COMMON /BGASP/CCB(7) ,MWT ,RB,GAMB,CP8,HB
COMMON/THERMO/R ,RGS T, RO2,, PSCALE , PSCOR
COMMON/MOLES /TOTMXU , TOTMXB
COMMON/ INPRS /PRESS
COMMON/MOLWT /WM(7) _
COMMON/CRANGL /SA ,CRG , CRGSTP

s COMMON/STER/TIMSTP
COMMON/GONST /PEC, B
REAL Y¢RQ),YPRIM(NQ) .X,XEND
REAL MBAR, INEREA, INER, INTER M

C INITIAL VALUES

c

1TS=0
8 Xm=0.
IN=0
DO 10 J=1,NT :
IF (IBURN{J) .EQ. 1.AND. IDN(J) .EQ.0) THEN
TN=TN+1
Ke( IN—1) 2
Y{1+K)= TEMP(J)

APP11330
APP11340
APP11350
APP11360
APP11370
APP11380
AFP11380
APP11400
APP11410
APP11420
APP11430
APP11440
APP11450
APP11460
APP11470
APP1148

APP1149

APP11500
APP11510
APP11520
APP11530
APP11540
APP11550
APP11560
APP11570
APP 11580
APP11580
APP11600
APP11610
APP11620
APP11630
APP 11640
APP11650
APP11660
APP11670
APP11680
APP11690
APP11700
APP11710
APP11720
APP11730
APP11740
APP11750
APP11760
APP11770
APP11780
APP11790
APP1 1800
APP11810
APP11820
APP11830
APP11840
APP11850
APP11860
APP11870
APP11880
APP11890
APP11900
APP11910
APP11920
APP11930
APP11940
APP11950
APP11960
APP11970
APP11980
APP11990
APP 12000
APP12010
APP12020
APP12030
APP12040
APP12050
APP12060
APP12070
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Y(2+K)m FFR(J)/44.
ENDIF '
10 CONTINUE
NQm2¢ IN
PRINT*.” NG =’ ,NQ
CALL PRTY(Y,NQ)

.

EPS{ = ERROR TOLERANCE FOR FIRST STEP SIZE [N "CODE",

EPS2 = ERROR TOLERANCE FOR CONVERGENCE OF EACH STEP IN “CODE".
EPS3 = ERROR TOLERANCE FOR CONVERGENCE OF PRESSURE IN "KINET".

© EPStmi.E-02
EPS2=1.E-02
EPS3el .E-02

CALL CODE(X.*END.Y.YPRIM.DPDT.NQ.EPS1.EFSZ.HLAST)

ITS=1TS+1
FOm44, /(44 .+5,2(32.+3.76%28) /PHI)
P=PRESS*PSCALE+X*DPDT
PM=(PRESS+P/PSCALE) /2.
IN=0 N
TOVOL=0. -
UNB=D. .
DO 4 I = 1,NT N
IF(IBURN(1) .EQ.1.AND.IDN(1).EQ.0) THEN
TNm=IN+1 -
FR1=Y{2+{IN-1)*2) *44,
Y T1=Y { {4+{IN-1}*2)
XimFF1/44,
Yim(M*(1.-FO) /(1.+3.76%HWM(6) /Y
1 —5_# (FO=FF 1) *M*WM(5) /WM(7
Vim3.76*M* {1 .~FO) MM(5) /{1.+3
Z1-3.‘{F0—FF1;‘M‘WM 1;/WME7;
Wim4 . * (FO-FF1)*M*WM(2) /tM(7
TOTMXmX 14Y 14V 14W 1421
TOVOL=TOVOL+M* TOTMX*1.987*T1 /P
DO 32 J = 1,NT :
IF(IDN(J).EQ.1) TOVOL=TOVOL+M*TOTMX*1.987°T1/P
32 CONT INUE .
ENDIF
IF(IBURN(1) .EQ.2) THEN
IF(UNB.EQ.0.) THEN

(3))

o () )
7Y /M

G

o

EE:

UNB=1.

ENDIF .« 7
TOVOL=TOVOL+VU
ENDIF

IF(IBURN(I).EQ.3) THEN
CALL CLDPRD&PM.TEMP(I).ENTHLP.CSUBP.RHOB.IER)
T1=TEMP(1)}*{P/PSCALE/PRESS) ** ( (GAMB-1) /GAMB)
TOVOL=TOVOL+M*TOTMXB* 1.987%T1/P
ENDIF
4  CONTINUE
CALL UPROP(PM,TEMP(NT+1) ,ENTHLP,CSUBP,RHO)
TU=TEMP{NT+1) * {P/PSCALE/PRESS) * * ( {GAMU-1) /GAMU)
VU=M*TOTMXU® 1. 987 *TU/P
TOVOL=TOVOL+(N-NT) *VU
PRINT®,’ VTO =',VTO(SA+1),* TovoL =‘,TOVOL

.IFEABS(TOVOL~VTO(SA+1))/VTO(SA+I).LE.EPSS) GO TO 9
IF{1TS.GE.3)
1 PRINT®,' 4TH ITERATION ON PRESSURE RISE ...’

IF(ITS.GE.4)

1 PRINT*,’ PRESSURE DOES NOT CONVERGE AFTER 4 ITERATIONS I’
IF(1TS.GE.4) STOP

PNEXT-P‘(TOVOL/VTO(SA+1)g

DPDT=(PNEXT-PRESS*PSCALE) /TIMSTP

IF(ITS.LT.4) GO TO 8

TO UPDATE FFR(I), TEMP(I) AND VOL{l1) FOR ALL PARTICLES

9 IN=0.
UNB=0.
DO 2 =1 ,NT
IF (IBURN(1) .EQ.1.AND.IDN(1) .EQ.0) THEN

+
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APP12440
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APP12490
APP12500
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APP12580
APP12590
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APP12620
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APP12660
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APP12710
APP12720
APP12730
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APP12790
APP12800
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IN=IN#1 , ' APP12830

FFR{I)sY (24 (IN=1)%2) %44, . : APP12840

TEMP(I)-X(1+(IN—1)‘2) APP12850
F(TEMP(I) .LT.TEMIN) TEM!N—TEMP(I) . APP12860
F(FFR({I).GT.FUMAX) FUMAX=FFR(I) APP12870 -

FF1-FFR(I - APP12880

 X1=FF1/44. . APP12890

Y1-(M'(1 —FO)/(1.43. 76‘WM(6) (5)). : APP12900

1 (FD—FF1)*M‘WM 5) /WM{7) ) /WM(5) M APP12910

v1-3 7s-u‘(1 ~FOYMM(B) /(1. +3.76*WM(8) /WM(5)) /M APP12920

Z1=3. *(FO-FF 1) *M*WM{1 /WME ; i?g/u APP120830

Wimd ., (FO-FF1)*M*WM(2 2)}/M APP12940

TOTMX=X14Y 14V 1491421 APP12850

VOL(1)=M*TOTMX*1.987*TEMP (1) /P . APP12960

DO 31 J w {,NT ’ APP12970

IFCIDN(Y) . EQ. 1} THEN APP12980

TEMP(J)=TEMP (1) ‘ APP12690

FFR(J)=FFR(1 : APP13000

voL(J -VOL?I; APP13010

ENDIF APP13020

3 CONT INUE APP1303D

ENDIF . APP13040

IF(IBURN{1).EQ.2) THEN APP13050

IF(UNB.EQ.D.) THEN APP13080

CALL UPROP{PM, TEMP(I) ENTHLP,CSUBP, RHO) APP13070

UNB=1, APP13080

ENDIF APP13090

TEMP{1)=TEMP{ ) * (P/PSCALE/PRESS) ** ( (GAMU~1) /GAMU) APF13100

VOL (1)=M*TOTMXU*1.987*TEMP(1) /P APP13110

ENDIF APP13120

IF(IBURN(1) .EQ.3) THEN APP13130

CALL CLOPRD{PM, TEMP(I) ENTHLP,CSUBP,RHOB, IER) APP13140

TEMP (1 )mTEMP(1) (P/PSCALE/PRESS)"((GAMB 1)/GAMB} APP13150

VOL (1}=M*TOTMXB*1. 9B7*TEMP(1)}/P APP13160

ENDIF APP13170

2 CONTINUE APP13180

DO 35 1 = NT+1,MIN(N,9959) . . APP13190
TEMP(1)mTU : APP13200 ..

VOL { 1 )=vtJ APP13210

3 CONTINUE g APP13220

PRESS=P/PSCALE APP13230

c APP13240

RETURN APP13250

END APP13260

C APP13270

CCCCOECCCoCECCCCCecCCCeoCCCCCorcCCaeeCeeCCCeeceCCCeCtCCCCCCCCCCCCCCCCCCAPP 3280

c APP13290

c SUBROUTINE FCN SPECIFIES THE DERIVATIVES WITH RESPECT TO APP13300

c TIME APP13310

c APP13320

CCCCCCCCCCCCCCCCCCCCCCCCCCeCCCCCCCCCCCCCCCCCCCCCOCCCCCCCCCCCCCCCCCCCCCCAPP13330

SUBROUTINE FCN(NG,X,Y,YPRIM,DPDT) APP13340

INTEGER N@ APP13350

COMMON/TEMVOL /TEMP (9999) , VOL {9999) APP13360

COMMON/BURN/FFR(9999) , IBURN(9999) APP13370
COMMON/ 1DNUM/ IDN {9999 ) - APP13380 .

COMMON/PARNUM/N,NT N1, N2, N3 APP13320

COMMON/CRANGL /SA ,CRG,CRGSTP APP13400

COMMON/STEP/TIMSTP APP13410

COMMON/CONST/PEC, B APP13420

REAL Y({NQ),YPRIM{NQ).X APP13430

C . - APP13440

CRG=SA+X/TIMSTP*CRGSTP APP13450

c APP1{13460

IN=0 APP 13470

DO 10 J=1,NT APP 13480

IF{IBURN(J) .EQ.1.AND.IDN(J) .EQ.0) THEN APP13490

TN=TN+1 APP13500

FU2-F2EY.IN.DPDT) APP13510

FUl=F1(Y,IN) . APP13520

Ke{IN-1)*2 APP13530

TPRIM{1+K;-+FU2 . APP13540

YPRIM{ 24K ) =+FU1 . APP 13550

ENDIF . APP{3560

10 CONTINUE APP13370
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RETURN _ APP13590
END ‘ : o APP13600
CF 100CCCCECCCECECCCOattteCeCCeettCCCCCCCCCCCCCCCoCCieltttCCCCCCCCCCieet APP13610
c : : ‘ a APP13820
c FUNCTION F1(Y,J) o APP13830
c _ e - : APP13640
c CALGULATE THE RATE OF DEPLETION OF FUEL PROPANE USING A SINGLE  APP13830
c REACTION MECHANISM FROM WESTBROOK AND DRYER. APP13860
c ) o APP13670
7 e B CELCeECEGCCCeCECECCECCCOCCCeCCeCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCAPP38A0
c . APP138%0
FUNCTION FEY,J) ' , ) APP13700
COMMON/CNTF/TR], IF2, IF3 APP13710
COMMON/AFRN/V , YOTMX P M : APP13720
COMMON/CHARB/PHI - : APP13730
COMMON/TEMvOL /TEMP(9959) ,VOL(9999) APP13740
COMMON /BURN/FFR(9999) , IBURN(9999) APP13750
COMMON,/ 1DNUM/ IDN(9999) APP13760
COMMON/MOLWT /WM(7) APP13770
COMMON/PARNUM/N, NT ,N1,N2,N3 APP13780
COMMON /EQNUM/NG . APP13700
COMMON,/CRANGL /SA ,CRG ,CRGSTP . APP13800
COMMON/ INPRS/PRESS APP13810
COMMON/THERMO/R ,RGS1,R02 , PSCALE , PSCOR APP13820
COMMON/CONST/PEC,B APP13830
REAL Y(NQ),M APP 13840
IFImIF 141 . . APP13850

c : : APP13860
PO=PRESS*PSCALE APP13870
P=PO+T IMSTP* (CRG—SA) /CRGSTP*DPDT S APP13880
FOud4./(44.45.%(32.+3.76%28) /PHI) APP13890
IN=0 APP13900
DO 1 I=i NT : APP13910
IF(IBURN{1}.EQ.1.AND.IDN(1).EQ.0) THEN APP13920
IN=IN+1 * APP13930
IF(IN.EQ.J) THEN : APP13940
FF1=FFR{1) . APP139%50
X0 1=MSFF 1 /MM(7) /M APPT3960
YO1=(M*(1.-FO)/(1.+3.76°4M(6) /MM(5)) APP13970
1 25,8 (FO-FF 1) *MoWM(5) AWM (7)) /WM(5) /M : APP13980
ENDIF . APP13890
ENDIF - APP14000
1 CONTINUE . APP14010
¢ APP14020
K-EJ-1)‘2 : APP14030
IF YEZH(;.LE.FO/M.'0.0SO) Y(2+K)=0. APP14040
FE1mY{24K) *¥M(7) ‘ APP 14050
Y1-Y01+5.'2Y(2+K -xo01) ' APP14060
Vim3.76°Me{1.-FO) AM(5) /(1.43.76*WM(6) /WM(5)) /M APP14070
Z1-3.‘§F0—FF1;'M‘WE1;/W€7;/?M 7Y /M APP14080
Wimd.* (FO—FF 1) *MrM(2) M{7) S M(2) M APP 14090
IF(Y1.LE.Y01°0.050) Y1=0. ~ . APP14100
TOTMXJmY (24K) +Y 14V 1 W 1421 co APP14110
V=TOTMXJ*1.887¢7(14K) /P APP14120
c APP14130
1F (Y(24K) .LT.0. .OR.Y1.LT.0..0R.V.LE.O.) APP14140
1 PRINT®,” Y{24K) =*,Y(24K),' Y1 =", Y1,* v ="V, ' L. INFIY 17 APPI415O
IF (Y(2+K) .LT.0..0R.Y1.LT.0..0R.V.LE.0.) STOP APP14160
c ' APP14170
F1mePECSV*EXP(=B/Y (14K) /1.987) * ((Y(24K) /V)**. 1) *((Y1/V)"*1.65)  APF14180
APP14190
RETURN APP14200
END APP14210
e . APP14220
CCCCCCCCCCCCCCCCCteCCeCCCCeeCCCCCeCCCCCOCCECCCCCCCCCCCCCCCCeCeetee APP14230
c APP14240
c FUNCTION F2(Y,J) = DTDTI FOR EACH BURNING PARTICALS APP142:0
c APP14260
CCOCCCECCCCCCOCCCoCCCCCCCCCCCCCECCCCCCCeCCCeCCCCCCCCCCCCCtCCetlleee APP14270
FUNCTION F2(Y,J,DPDT) : APP 14280
COMMON/CNTF/IF1,1F2,1F3 APP14260
COMMON/AFRN/V , TOTMX , P, M . APP14300
. COMJON/UGASP/CCUE7 ' MBARU, RU, GAMU, CPU , HU, TU,, RHOU ‘ APP14310
COMMON/BGASP/CCB(7) ,MBARB ,RB, GAMS , CPB , HB 14320
COMMON/THERMO/R , RGST ,RO2 , PSCALE , PSCOR APP14330

/
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COMMON/PARNUM/N ,NT N1 N2, N3
COMMON /EONUM/NQ
COMMON/ INPRS /PRESS
COMMON/STEP/TIMSTP
COMMON/CRANGL /SA , CRG, CRGSTP
REAL Y(NQ@),M, INTER
IF2=IF2+1

FUIeF (Y, d)
CALL KINTER(Y,J WU, ,WCM, INTER)

...P IN DTDTI 1S IN CAL/CC

PO=PRESS*PSCALE -
P=PO+TIMSTP® (CRG-SA) /CRGSTP*DPDT
Km(J-1)*2

T = Y{1+K)

DTDTI=(FU1*({1.987°T-WU)+TOTMX*1.987*T/P*DPDT)/
1 (WCMATOTMX*1.987)

~ F2wDTDTI

RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCQCCCCCCCCCCCCCCCCCCCCCCCCCCCCCQPCCCCCCCCC

SUBROUTINE KINTER.

PURPOSE -
TO CALCULATE THE DERATIVE OF TEMPERATURE.WITH RESPECT TQ

TIME AND THE INTERNAL ENERGY OF MIXTURE.
USAGE
CALL INTER(Y)
DESCRIPTION OF PARAMETERS
GIVEN:
P (ATM) PRESSURE
. GIVEN
Y(1 K} TEMPERATURE
v{2 MOLES/G) CONCENTRATION OF PROPANE FUEL
Y3 MOLES/G) CONCENTRATION OF OXYGEN
Y4 MOLES/G) CONCENTRATION OF NITROGEN
{5 MOLES/G) CONCENTRATION OF CARBON DIOXIDE -
Y(6 MOLES/G} CONCENTRATION OF WATER VAPOR

GIVEN IN COMMON AREA /FUEL/
AF(1) - 6 DIMENSIONAL VECTOR OF ENTHALPY COEFFICIENTS SUCH
THAT THE ENTHALPY OF FUEL VAPOR AS A FUNCTION
OF TEMPERATURE ( T DEG K ; 1S GIVEN BY
H(T) = AF{1)*ST + (AF(2)*ST**2)/2 + (AF(3)*ST**3)/3
+ (AF(4)*ST**4)/4 - AF(S)/ST + AF(6)
WHERE ST = T/1000 AND H(T) = <KCAL/MOLE>
© FOR MOST APPLICATIONS THE ENTHALPY FUNCTION H(
BE VALID OVER AT LEAST THE FOLLOWING TEMPERATURE RAN
300 < T < 1000
ENTHALPY DATUM STATE IS AT T = O ABSOLUTE WITH 02,N2
AND H2 GASEOUS AND C SOLID GRAPHITE.
HYDROCARBON—-OX IDANT COMBUSTION
RETURNS
DTDT1 — DERIVATIVE OF TEMPERATURE WITH RESPECT TO TIME
(DEG K /SECOND )
INTER — INTERNAL ENERGY OF MIXTURE (CAL/MOLE OF MIXTURE)

REMARKS -
1) ENTHALPY DATUM STATE IS AT T = 0 ABSOLUTE WITH
02,N2,H2 GASEQUS AND C SOLID GRAPHITE
2) THE VARIABLES HMAVE DIFFERENT INDICES IN THERMO
SUBROUTINES AND DGEAR .THEY ARE AS FOLLOWS:

APP14340
APP14350
APP14360
APF14370
APP14380
APP14390 -
APP14400
APP14410
APP14420
APP 14430
APP14440
APP14450
APP14460
APP14470
APP 14480
APP14490
APP14500
APF14510
APP 14520
APP14530
APP14540
APP 14550
APP14560
APP14570
APP14580
APP 14590
APF14600
APP14610
APP14620
APP14830
APP14640
APP 14650
APP14860
APP14670
APP14680
APP14690
APP14700
APP14710
APP14720
APP14730
APP14740
APF 14750
APF14760
APP14770
APP14780
APP14790

" APP14800

APP 14810
APP14820
APP14830
APP14840
APP14850
APP14860
APP14870
APP14880
APP14890
APP14900
APP14910
APP14920
APP14930
APP14940
APP14950
APP14960
APP14970
APP14980
APP14990
APP15000
APP15010
APP15020
APP15030
APP 15040
APP15050
APP15060
APP15070
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THERMO. PROP. DGEAR

~SHUAN -
N alADD

~

> - SPECIES -

.C02
H20
02
N2
CIH8

SUBROUTINES AND FUNCTION SUBPROGRAMS NEEDED

F1

SUBROUTINE KINTER(Y,J,WU,WCM, INTER)
LOGICAL RICH,LEAN

DIMENS1ON TABLEE7; .Ais.s.zg .LEC(10;
EQUIVALENCE (A1{1),A{1,1,1)).{A2(1

.REAL*4 MBAR MX, INTER

COMMON/CNT/IUP, ICLD, IKIN
COMMON /FUEL/ ENW,CX,HY,0Z,AST
COMMON/JANAF / A1(36) ,A2(36)
COMMON/CHARU/PHIFR, PHIEGR
COMMON/CHARB/PHI
COMMON/AFRN/V, TOTMX , P\ M
COMMON/BURN/FFR(9999) , 1BURN(9999)
COMMON/PARNUM/N ,NT ,N1,N2 N3
COMMON/EQNUM/NG

COMMON /CHARTH/RESFRK ,RICH, LEAN
COMMON /OXDANT /X1

MX{10) ,X(10) .W(m)
A(1,1,2))

COMMON/ THERMO/RGAS ,RGST ,ROZ, PSCALE ,PSCOR

REAL Y (NQ) ,M
DATA TABLE /—-1.,%.,1.,-1.,0.,0.,0./

©IKIN=1KINH

—

COEFFICIENTS IN 1ST LAW EXPRESSION
LEC(1)=—3

LEC{2)=—4

LEC(3)=0

LEC(4)=0
LEC{5)=5
LEC(6)=0

LEC(7)=1 ~

MOLECULAR WE IGHT
WM( 1) m44

=18

=0

=0

-32 -
=28

WM(7) =44

NUMBER OF MOLES PER UNIT VOLUME
FOmd4./(44.45,°(32.+3,76°28) /PHI)
Km(J-1)*2

FE =Y (24K) *44.

g2E2F

~5. % (FO-FF 1) *M*WM(5
vi=3.76*M*(1.-FO) /MM(5)/(1
11-3.-iro—rt-'1;-u-m21 /m27
Wimd,* {(FO—FF1) *MowM(2) (7
MX (1)=Z1
2)=#1

[ 40 Y]
1
Q

wY (24K

oy~

4}}‘%‘(5))/”

MX (7)Y (24K)
Tomx-m(l)+Mx(2)+ux(3)+ux(4)+m(5)+w<(s)+w<('{)

TEMPERATURE
TaY (14K)

ENTRY FOR CALCULATION OF ENTHALPY

IR = 1
IF (T .LT. 500.) IR = 2

“.I.l..“....O“.“......‘..‘l“".‘.Ol.‘.‘.‘l...‘...‘

- APP13080

APP13090
APP13100
APP13110
APP13120
APP15130
APP13140
APP13130
APP13160
APP13170
APP13180
APP13190
APP15200
APP15210
APP15220
APP15230
APP15240
APP15230
APP13260
APP15270
APP 15280
APP13280
APP13300
APP15310
APP15320
APP15330
APP15340
APP13350
APP13360
APP15370
APP15380
APP13380
APP1340C0
APP15410
APP 13420
APP 13430
APP13440
APP 15450
APP 15480
APP 15470
APP13480
APP135490
APP 15500
APP135310 °
APP15520
APP15530
APP15540 -
APP15530
APP153580
APP15570
APP153B0
APP15590
APP13600
APP15810
APP15620
APP15630
APP15040
APP13650
APP15660
APP13670
APP135680
APP136080
APP15700
APP15710
APP15720
APP15730
APP15740
APP15730
APP157680
APP15770
APP15780
APP15790
APP15800
APP15810
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CALCULATE H, CP, AND CT AS IN WRITEUP, USING FITTED
COEFFICIENTS FROM JANAF TABLES

WU=0,
WCM=O .
INTER=O0.
ST = T/1000.

..TU IS IN CAL/MOLE OF SPECIES

TCV IN CAL/MOLE/K
DO 40 K = 1,8 ,
TU = ((E( A(4.K.IR;/4.‘ST + A(S.K,IR;/J. )osT
+ A(2,K,IR)/2.)*ST + A(1,K,IR) )*ST
L - A(5,K,1R)/ST + A(8,K,IR))*1000. =1.98726°T
INTER=INTER+TU*MX{K) /TOTMX .
TCV = ({ A(4,K,IR)*ST + A(3.K,IR) }*ST
+ A(2,K,IR))*ST + A(1,K,IR)4A(5,K, IR)/ST**2 —1.98726
Wu=HU + TU®LEC(K)
WCOM=WCMHWX (K) * TCV
CONT INUE
THIS PART 1S FOR FUEL PROPANE
FM=44,09
RFV=RGAS/FM .
TU= RGAS*({(({0.233361E~10/5.*T - 0.545131E=7/4.)°T
+0.351709E—-4/3.)*T
+0.157505E-1/2.)*T
+1.31841)*T
~14091,3) + 201.1*FM
INTER=INTER+TU*MX (7) /TOTMX
TCV=RFV* ({{(0.233361E-10*T - 0.545131E-7)*T
+0.351709E~4) *T
+0. 157505E-1)°T
+1.31841)
TCY=FM*TCV
WU=WU + TU*LEC(7)
WOM=NCMAMX (7) S TCV

RETURN
END &

APP15830

. APP15840

APP15850
APP15860
APP15870
APP15880
APP15880
APP15900
APP15910
APP15920
APP15930
APP15940 "
APP15830
APP13960
APP15970
APP15980
APP15890
APP160C0O
APP16010
APP16020
APP16030
APP16040
APP16050
APP160Q60
APP16070
APP16080
APP16090
APP16100
APP16110
APP16120
APP16130
APP16140
APP16150
APP16160
APP16170
APP16180
APP16180
APP16200
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APPENDIX G

VTO(CRKINT) IS THE VOLUME OF THE CHAMBER AS A FUNCTION OF

- 131 -

CCCQCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

THE CRANK ANGLE.

FUNCTION VTO{CRKINT)
COMMON,/BBORE /BORE

BORE=4 .0
STROKE=4.0
CONLEN=7.5
CR=8.0

DATA RADIAN/S57.29578/

B1=0.39269908*BORE*B
B2m={CONLEN*2 . /STROKE
B3=1.0+2. *CONLEN/STR
THBEG=CRKINT

AREA=3 . 14*BORE *BORE /
VTDC=AREA*STROKE/(CR

ORE*STROKE
Yre2.-1.
OKE

4
-1.)

CAS=COS ( THEEG/RADAN)

YTO=VTOC+B1*(B3-CAS-
+ RETURN
END

SGRT(CAS**2+B2))

APP18220
APP18230
APP18240
APP18250
APP16260
APP16270
APP16280
APP16280
APP16300
APP16310
APP16320
APP16330
APP18340
APP18350
APP18360
APP16370
APP16380
APP16380
APP18400
APP16410
APP16420
APP16430
APP16440
APP16450
APP16450
APP 18470
APP16480
APP 16490
APP16500
APP16510
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APPENDIX H

CCLDPRD..OOO’.‘O‘O-. VERSION 2.1 " 1/10 76 ‘t“..O‘ll‘!‘l“it“.l#'.
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SUBROUTINE CLDPRD

PURPOSE
TO CALCULATE THE SPECIFIC ENTHALPY OF THE PRODUCTS OF
COMBUSTION AT TEMPERATURES AND PRESSURES WHERE DISSCCIATI
OF THE PRODUCT GASES MAY BE IGNORED. THE DENSITY OF THE
PRODUCT GAS IS ALSO CALCULATED, AS ARE THE PARTIAL
DERIVATIVES OF BOTH OF THESE QUANTITIES WITH RESPECT TO
PRESSURE AND TEMPERATURE.

USAGE
CALL CLDPRD{P,T,ENTHLP,CSUBP,CSUBT,RHO, DRHODT, DRHOD

DESCRIPTION OF PARAMETERS
GIVEN '
P - ABSOLUTE PRESSURE OF PRODUCTS {ATM)

T ~ TEMPERATURE OF PRODUCTS (DEG K)
GIVEN IN COMMON AREA /CHARGE/
. PHI - EQUIVALENCE RATIO {FUEL/AIR RATIO DIVIDED BY THE

CHEMICALLY CORRECT FUEL/AIR RATIO)
GIVEN IN COMMON AREA /PRODMR/

DEL - MOLAR C H RATIO OF THE PRODUCTS
PSI - MOLAR N O RATIO OF THE PRODUCTS
RETURNS

ENTHLP- SPECIFIC ENTHALPY OF THE GAS (KCAL/G)

CSUBP — PARTIAL DERIVATIVE OF ENTHLP WITH RESPECT T
AT CONSTANT P (CAL/G-DEG K)

CSUBT — PARTIAL DERIVATIVE OF ENTHLP WITH RESPECT TO P
AT CONSTANT T (CC/G) :

RHO - DENSITY OF THE MIXTURE (G/CC)

DRHODT— PARTIAL DERIVATIVE OF RHO WITH RESPECT TO T AT
CONSTANT P ({G/CC-DEG K)

DRHODP- PARTIAL DERIVATIVE OF RHO WITH RESPECT TO P
CONSTANT T (G/CC-ATM)

IER - FLAG, SET TO 1 FOR T<100 DEG K

2 FOR T> 6000 DEG K
: 0 OTHERWISE
RETURNS IN COMMON AREA FROZEN
CPFROZ- FROZEN SPECIFIC HEAT (CAL/G - DEG K)

" REMARKS

1) ENTHALPY DATUM STATE IS AT T = 0O ABSOLUTE WITH
02,N2,H2 GASEQUS AND C SOLID GRAPHITE -

SUBROUTINES AND FUNCTION SUBPROGRAMS NEEDED  NONE

METHOD
DESCRIBED IN APPENDIX A OF HIRES ET AL, SAE PAPER F ]

SUBROUTINE CLDPRD{P,T,ENTHLP,CSUBP,RHOB, IER)

LOGICAL RICH,LEAN

DIMENSION TABLE(7),A(6,6,2

EQUIVALENCE iA1 15.A01,1,1 ;

EQUIVALENCE (A2{1),A(1,1,2

REAL*4 MBAR,K )
COMMON/CNT/TUP, ICLD, IKIN

COMMON /CHARB/PH
COMMON/CHARU/PHIFR , PHIEGR
COMMON/CHARTH/RESFRK ,RICH, LEAN

COMMON/ THERMO,/RGAS ,RGS 1 ,RO2 , PSCALE , PSCOR
COMMON /PRODMR/DEL ,CHI , DUMM, DUMY ,EPSO ,EPS 'v
COMMON /FUEL/ ENW,CX,HY,0Z,AST

COMMON /BGASP/X(7) ,MBAR,RB,GAMB ,CPB,HB
COMMON/JANAF /* A1(36),A2(36)
COMMON/OXDANT /PS

" DATA TABLE /-1.,1.,%.,-1.,0.,0.,0./

- APP16330

APP16540
APP16550
APP16560
APP16570
APP16580
APP16590
APP16600
APP16610
APP16620
APP18630
APP16640
APP16650
APP16660
APP16670
APP 16680
APP18690
APP16700
APP16710
APP16720
APP16730
APP16740
APP16750
APP16760

- APP16770

APP16780
APP16790
APP16800 -
APP16810
APP16820
APP16830
APP16B840
APP16850
APP16860
APP 16870
APP16880

"APB16890

16900
APP16910
APP16920
APP16930
APP16940
APP16950
APP16960
APP 16870
APP16980
APP16990
APP17000
APP17010
APP17020
APP17030
APP17040
APP17050
APP17060
APP17070
APP17080

“O.‘t‘l.l..‘l...'“‘"“t‘.-‘-.liiiﬁt“ttttttﬂtt‘--“.O"!l“‘.“““.APP17090

APP17100
APP17110
APP17120
APP17130
APP17140
APP17150
APP17160
APP17170
APP17180
APP171890
APP17200
APP17210
APP17220
APP17230
APP17240
APP17250
APP17260
APP17270
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ICLD=ICLDH

Mm2

RICH .= PHIFR.GT.1.0
LEAN = .NOT.RICH

DEL = CX/HY
EPS=4,*DEL/(1.+4.,*DEL)
MBAR = (B.SEPS + 4.)°PHI + 32, + 28.PSI

GET THE COMPOSITION IN MOLES/MOLE OXYGEN
IF (RICH) GO TO 13 '
LEAN CASE * SHIFT JuMP TO 35 AFTER THIS

11 =3 '

TMOLES = 1.4PST+PHI*{1.-EPS)
X(1) = EPS*PHI/TMOLES

X(2) = 2.¢(1.— EPS)*PHI/TMOLES
x{3) = 0.

X(4) = 0.

X({5) = (1.-PHI)/TMOLES

x({6) = PSI/TMOLES

x(7) = 0.

MBAR = MBAR/TMOLES

DCOT = 0. .

GO TO 35

RICH CASE INITIALIZATION
TMOLES = PSI+ PHI*(2.-EPS)
X(5) = 0.

X(6) = PSI/TMOLES

x{7} = 0. -

MBAR = MBAR/TMOLES

BETAO = 2,%{1.-EPS*PHI)

CB1 = 2.%(PHI-1.) + EPS*PHI
GAl = 2.%EPS*PHI*{PH1-1.)

RICH CASE ENTRY AFTER FIRST TIME

Z = 1000./T .

K = EXP(2.743 + 2°(-1.761 + Z*(—1.611 + Z*.2803)))
DKDT m —K4Z*(~1.761 + Z%(-3.222 + Z*.9409))/T
ALPHA = 1. =K

BETA = BETAQ + CB1*K

GAMMA = GA1%K :

C = ( - BETA + SORT(BETA*BETA + 4.*ALPHA*GAMMA)}/(2.*ALPHA) -

DCOTm-~DKDT* {C* (CB14C)-GA1)

DCDT = DCDT/{2.*ALPHA*C + BETA)/TMOLES ~
X(1) =(EPS*PHI - C)/TMOLES .
X(2) = (BETAO + C)/TMOLES

%(3) = C/TMOLES

%(4) = (2.*(PHI-1.)-C) /TMOLES

CONVERT COMPOSITION TO MOLE FRACTIONS AND CALCULATE AVERAGE

MOLECULAR WEIGHT :

IER = 0 '

IF (T .LT. 100.) IER = 1

IF {T .GT. 6000.) IER = 2
IR = 1

IF (T .LT. 500.) IR = 2

CALCULATE H, CP, AND CT AS IN WRITEUP\ USING FITTED

COEFFICIENTS FROM JANAF TABLES

ENTHLP = O.
CSUBP = O. \
CPFROZ = 0.
ST = T/1000.
DO 40 J = 1,6
TH = (({ A(4,4,IR)/4.9ST + AES.J.IR;/S. ST
4 A(2,0.1R)/2. )*ST + A(1,4,IR) )*S
TCP = (( A(#4.J,IR)*ST + A(3,J,IR) )*sT
TA(2,9.IR)) *ST+A{1,J, IR)#A(S, J, IR) /ST *2

)

\

\

APP17280
APP17200,
APP17300
APP17310
APP17320
APP17330
APP17340
APP17350
APP17380
APP17370
APP17380
APP17390
APP17400
.ﬁ;p1741o
P17420
APP17430
APP17440
APP17450
APP17460
APP17470
APP17480
*APP17490
APP17300
APP17510
APP17520
APP17530
APP17540
APP17550
APP17360
APP17570
APP17580
APP17590
APP17600
APP17610
APP17620
APP17630
APP17640
APP17850
APF17660
APP17670
-APP17880
APP17680
APP17700
APP17710
APP17720
APP17730
APP17740
APP17750
APP17760
APP17770
APP17780
APP17790
APP17800°
APP17810
APP17820
APP17830
APP17840
APP17850
APP17860
APP17870
APP17880
APP17880
APP17900
APP17910
APP17920
APP17930
APP17940
APP 17950
APP17960
APP17970
APP17980
APP17980
APP18000
APP18010
APP18020
APP18030
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TH = TH — A(5,J,IR)/ST + A(6,J,IR)
ENTHLP = ENTHLP #+  TH*X(J)
CPFROZ = CPFROZ + TCP*X(J)

csuBP
ENTHLP = ENTHLP/MBAR
CPFROZ=CPFROZ /MBAR
CSUBP=CPFROZ+CSUBR /MBAR
CPB=CSUBP

T

= CSUBP + 1000.'TH‘DCDI:TABLE(J)

NOW CALCULATE RHO AND ITS PARTIAL DERIVATIVES
_USING PERFECT GAS LAW ) .

RHOB= PSCOR*MBAR®P/T
RB=RGAS/MBAR
GAMBwCPB/ (CPB-RB)

IF (GAMB.LT.1..OR.GAMB.GT.2.) THEN

PRINT®, '

PRINT® . "¢sssssesnse EXECUTION STOPPED AT CLDPRD ®esssersvess’

PRINT®,*
PRINT®,'T =", T

Pa',P

" PRINT®, ‘X(1)=
RINT®, "X(3)=

LX), X(2)=",X(2
TLK(3) " X(4)=" X(4
RINT®, "X{5)="' X(5}," X(6)=",X(6
PRINT®, 'X(7)=" ,X(7), )

' RB=',RB

PRINT®, 'CPB="' ,CPB,' GAMB ~' GAMB

PRINT®, '

PRINT® ., 's#sssessses EXECUTION STOPPED AT CLDPRD s*ssssssenss:

PRINT®."®

ENDIF

IF(GAMB.LT.1..OR.GAMB.GT.2.) STOP

* ALL DONE

RETURN
END

CUPROP XS R RNRRN R LSRN VERSION 2.0 1/10/76 “.‘..‘....““-“
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SUBROUTINE UPROP

PURPOSE

TO CALCULATE THE ENTHALPY AND DENSITY OF A HOMOGENOUS MIXTUR
OF AIR, RESIDUAL GAS, AND FUEL AS A FUNCTION OF
EOUIVALENCE RAT10, TEMPERATURE, AND PRESSURE

USAGE

CALL UPROP(P.T.ENTHLP.CSUBP,RHO) '

DESCRIPTION OF PARAMETERS

GIVEN
p
T

— ABSOLUTE PRESSURE OF PRODUCTS (ATM)
~ TEMPERATWRE OF PRODUCTS (DEG K}

GIVEN IN COMMON AREA /CHARGE/
RESFRK— RESIDUAL GAS FRACTION

PHI

— EQUIVALENCE RATIO (FUEL/AIR RATIO DIVIDED BY THE
CHEMICALLY CORRECT FUEL/AIR RATIO)

GIVEN IN COMMON AREA /FUEL/
AF(1) — 6 DIMENSIONAL VECTOR Of ENTHALPY COEFFICIENTS SUCH

ENW
[05:4
HY
0Z

THAT THE ENTHALPY OF FUEL VAPOR AS A FUNCTION
OF TEMPERATURE ( T DEG K g 1S GIVEN BY
H(T) = AF(1)*ST + (AF(2)*ST**2)/2 + (AF(3)*ST**3)/3
+ (AF{4)*ST**4)/4 — AF(S)/ST + AF(6)
wHERE ST = T/1000 AND H(T) = <KCAL/MOLE>
FOR MOST APPLICATIONS THE ENTHALPY FUNCTION H(
BE VALID OVER AT LEAST THE FOLLOWING TEMPERATURE RAN
300 < T < 1000 :
ENTHALPY DATUM STATE IS AT T = O ABSOLUTE WITH 02,N2
AND H2 GASEOUS AND C SOLID GRAPHITE. .
— AVERAGE NUMBER OF NITROGEN ATOMS PER FUEL MOLECULE
— AVERAGE NUMBER OF CARBON ATOMS PER FUEL MOLECULE
— AVERAGE NUMBER OF HYDROGEN ATOMS PER FUEL MOLECULE
- AVERAGE NUMBER OF OXYGEN ATOMS PER FUEL MOLECULE

 QLOWER— LOWER HEATING VALUE (KCAL/G)
GIVEN IN COMMON AREA/OXDANT/

X1

~ MOLAR N O RATIO OF THE OXIDANT (FOR AIR XI = 3.76)

(

" APP18040

APP18050
APP1B060
APP18070
APP18080
APP18090
APP18100
APP18110
APP18120
APP18130
APP18140
APP18150
APP18160
APP18170
APP18180

APP18180°

APP18200
APP18210
APP18220
APP1B230
APP18240
APP18250
APP1B260
APP18270
APP18280
APP18290
APP18300
APP18310
APP18320

"APP18330

APP18340
APP18350
APP18360
APP18370
APP18380
APP18390
APP18400
APP1B410
APP18420
APP18430
APP 18440
APP18450
APP1B460Q
APP18470
APP18480
APP 18430
APP 18500
APP18510
APP18520
APP 183530
APP18540
APP18550
APP18560
APP18570
APP18580
APP18590
APP18600
APP18610
APP18620
APP18630
APP18640
APP18650
APP18660
APP1B670
APP18680
APP18690
APP1870Q0
APP18710
APP18720
APP18730
APP18740
APP18750
APP18760
APP18770

- APP18780
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RETURNS -IN- COMMON AREA--/PRODMR/-- -

c- il e e e APPIBT90

c DEL _ — MOLAR € H RATIO OF THE PRODUCTS . ' APP18800

c PSI ~ — MOLAR N O RATIO OF THE PRODUCYS - APP1BBIQ
c EH1  — EQUIVALENCE RATIO OF THE PRODUCTS FOR AN EQUIVALENT APP18820
c HYDROCARBON—OX 1DANT COMBUSTION APP18830
c RETURNS APP18840
c ENTHLP- SPECIFIC ENTHALPY OF THE PRODUCTS (KCAL/G) APP18850
c CSUBP — PARTIAL DERIVATIVE OF ENTHLP WITH RESPECT T APP18B60
c AT CONSTANT P (CAL/G-DEG, K) : . APP18B70,
(o] CSUBT — PARTIAL DERIVATIVE OF ENTHLP WITH RESPECT TO P APP18880
'C AT CONSTANT T (tc/G) i APP18B90
c RHO - DENSITY OF THE PRODUCTS {6/cc) , APP18000
c DRHODT- PARTIAL DERIVATIVE OF RHO WITH RESPECT TO T AT : APP18910
c - CONSTANT P (G/CC-DEG K) ’ APP18920
c DRHODP- PARTIAL DERIVATIVE OF RHO WITH RESPECT TO P APP18930
c : CONSTANT T {G/CC-ATM) APP18940
c RETURNS IN COMMON AREA CMPSTN APP1B9530
c X{1) - CARBON DIOXIDE MOLE FRACTION APP 18960
c , X{2) — WATER VAPOR MOLE FRACTION APP18970
c %X(3) - CARBON MONOXIDE MOLE FRACTION APP18980
c X(4) -~ HYDROGEN MOLE FRACTION APP18990
c x{5) ~ OXYGEN MOLE FRACTION APP19000
v %X(6) — NITROGEN MOLE FRACTICN APP18010
c %(7} - FUEL MOLE FRACTION . APP19020
c MBAR ~— MOLECULAR WEIGHT OF UNBURNED MIXTURE APP19030
c APP 19040
c REMARKS ) APP10050
c 1) ENTHALPY DATUM STATE [S AT T = O ABSOLUTE WiTH APP19000
c 02,N2,H2 GASEOUS AND C SOLID GRAPHITE APP19070
c APP19080
c SUBROUTINES AND FUNCTION SUBPROGRAMS NEEDED  NCNE APP19080
c . APP19100
c ME THCD e APP19110
C DESCRIBED IN APPENDIX A OF Hn-'(Es ET AL, SAE PAPER § APP19120
c APP19130
Ci.‘1!‘.t“‘..O.l'.‘tt‘...Ot"....‘l“t!‘.“'.“!..t!‘.‘t‘..‘_.’l."..o APP‘914°
SUBROUTINE UPROP(P,T,ENTHLP,CSUBP,RHO) APP19150
LOGICAL RICH,LEAN ) © APP19160
DIMENSION TABLE(7).A(6,6,2 APP19170
EQUIVALENCE-&M 1), ,A(1,1 1 g APP19180
EQUIVALENCE (A2{1).A(1,1,2 APP19180
REAL*4 MBAR,K ‘ APP18200
COMMON/CNT/1UP, ICLD, IKIN . APP18210
COMMON /FUEL/ ENW,CX,HY,0Z, AST APP19220
COMMON/JANAF / A1(36) ,A2{36) - APP19230
» COMMON/CHARU/PHIFR,PHIEGR _ _ APP 19240
COMMON/CHARB/PH1 ‘ J - APP19250
COMMON,/CHARTH/RESFRK ,RICH, LEAN - APP{9260
COMMON /OXDANT /X1 APP19270
COMMON /UGASP/ X(7) ,MBAR, RU,GAMU,CPU,HU, TU,RHOU APP19280
COMMON /PROOMR/DEL ,CH1.W,Z EPS1,EPS . APP19280
COMMON/ THERMO/RGAS ,RGS 1 ,RO2 ,PSCALE, PSCOR APP)9300
DATA TABLE /-1.,%.,1.,-1.,0.,0..,0./ ‘ . APP19310
IUP=1UP+1 APP19320
C APP19330
c ENTER INTO ARRAYS A1 AND A2 THE FUEL PARAMETERS APP19340
c APP19350
1 1 =2 ‘ APP19360
RICH = PHIFR .GT. 1.0 . APP19370
LEAN = ,NOT. RICH APP19380
CX=3. - APP18390
HY=8. APP19400
W = ENW/CX APP19410
7= 0Z/CX . APP18420
DEL = CX/HY © APP19430
EPS = 4.*DEL/{1. + #.*DEL - 2,*DEL*2) APP10440
c . APP19450
c CALCULATE PS1 AND CHI FOR BURNED GASES APP19460
c APP19470
c APP19480
C sss THESE VALUES ARE RETURNED IN COMMON /CHARGE/ /PRODMR / /CMPS APP19490
C 1IER = O ‘ . APP18500
c IF ET .LT. 100.) IER = 1 APP19%10
C 1IF {T .GT. 6000.) IER = 2 APP18520
c APP19530
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GET THE COMPOFITION IN MOLES/MOLE OXYGEN OF OXIDANT °  ~ -~ - APP19540-

3 o APP19550

PCTRES = RESFRK : APP19560
PCTNEW = 1.0 = RESFRK "~ . APP19570
MBAR=(12.+1./DEL)* (PHIFR*PCTNEW+PHIEGR*PCTRES) *EPS+32. 428, *XI APP18580

IF (RICH) GO TO 13 - , APP19590

, : APP19600

evs THE LEAN YALUES NOT DEPENDENT ON TEMP. (CONSTANT) ' APP19B10
. 4 'APP19620

1 =3 . APP198630
TMOLES=X1+{ 1 .+EPS*PHIFR/CX) *PCTNEW APP19640

& +{1.+(1.-EPS)*PRIEGR+EPS*PHIEGR® (Z+W/2.)) *PCTRES APP18650
X(1) = EPS*PHIEGR*PCTRES/TMOLES APP19660
x({2} = (2.*(1. - EPS) + EPS*Z)*PHIEGR*PCTRES/TMOLES APP19670
x{3) = 0. : : APP15680
X(4) = 0, ‘ . APP19630
X(8) = ({1.-PHIECR)*PCTRES+PCTNEW)/TMOLES APP1§700
%(6Y = (XI + EPS*PHIEGR*W/2,*PCTRES) /TMOLES APP19710
x{7) = PCTNEW*EPS*PHIFR/CX/TMOLES APP19720
APP19730

MBAR = MBAR/TMOLES . APP19740
DCDT = O. . APP19750

GO TO 35 . APP19760
APP19770

*e* THE RICH CASE APP16780
_ APP19790

13 TMOLESw X1+(1.+EPS*PHIFR/CX}*PCTNEW X * APP19800
1 +((2.-EPS)*PHIEGR+EPS*PHIEGR*(Z+W/2.}) *PCTRES APP19810
X{5) = PCTNEW/TMOLES APP19820
X(6) = (XI+EPS*PHIEGR*W/2.*PCTRES)/TMOLES APP19830
%{7) = PCTNEW*EPS*PHIFR/CX/TMOLES APP19840
MBAR = MBAR/TMOLES , APP19850
APP19860

se+ THE CALCULATIONS THAT MUST BE PERFORMED EACH TIME APP19870
CB1 = 2.%(PHIEGR-1.) + EPS*PHIEGR APP 19880
GAl, = 2.°EPS*PHIEGR®(PHIEGR-1.) APP19B90
BETAO = EPS*PHIEGR*Z + 2.*(1.-EPS*PHIEGR) ) APP 19900

. APP19910

*s» THE RICH CASE ENTRY APP19920.
20 ZT = 1000./T APP19930
K w EXP(2.743 + 2T*(~1.761 + ZT*(~1.611 + 2T*,2803))) APP19940
DKDT = -K*ZT*(-1.761 + ZT*(=3.222 + ZT*.9409))/T APP19950
ALPHA = 1.0 - K APP19960
BETA = BETAO + CB1*K APP19970
GAMMA = GA1"K . - APP19980
XX= BETA®BETA +4.fALPHA*GAMMA APP19990
PRINT*,XX . APP20000

C = (-BETA + SQRT(BETA®BETA + 4.°®ALPHA*GAMMA))/(2.*ALPHA) ARP20010
DCDTm—DKDT*{C* (CB1+C)-GA1) APP20020
DCDT = DCDT/(2.*ALPHA®C + BETA)/TMOLES ‘ APP20030
X{1) = EEPS'PHIEGR - C)*PCTRES/TMOLES APP20040
%x({2) = (BETAD + C)*PCTRES/TMOLES , APP20050
X(3) = C*PCTRES/TMOLES APP20060
x(4) = (2.0°(PHIEGR - 1.) - C)*PCTRES/TMOLES APP20070
APP20080

C*e* ENTRY FOR CALCULATION OF ENTHALPY APP20090
APP20100

IR = 1 ‘ APP20110

IF (T .LT. 500.) IR = 2 APP20120
APP20130

CALCULATE H, CP, AND CT AS IN WRITEUP, USING FITTED APP20140
COEFFICIENTS FROM JANAF TABLES APP20150
APP20160

ENTHLP = O. , APP20170
CSUBP = 0. APP20180
CSUBT = 0. ' APP20190

ST = T/1000. ) APP20200

DO 40 J = 1,6 APP20210
TH = ((( A(4.J,IR)/4.°ST + A(3.J.1R)§3. yesT APP20220

1 +  A(2,J.IRY/2.)*ST + A(1.J,IR) )*ST APP20230
TCP = ({ A{4,J,IR)*ST + A(3,J,IR) )*ST * APP20240

1 + A(2.J,IR))*ST + A(1,J,IR)+A(5,J,IR)/ST**2 APP20250
TH = TH - A(5.J.IR)/ST + A(6,J,IR) APP20260
ENTHLP = ENTHLP + TH*X{J) APP20270

40 CSUBP = CSUBP + TCP*X(J)+ 1000.*TH*DCDT*PCTRES®TABLE(J) APP20280
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- THIS PART ‘1S FOR FUEL PROPANE - -

Fhm44 .09
RFV=RGAS/FM o
* Thm RFVS(((((0.233361E~10/5.*T = 0.545131E-=7/4.)*7
4+0.351709E=4/3.) T
+0.157505E-1/2.)*T

- — ik —

—14091.3) + 201.1 +RFVeT
TH=TH*1.0E~3*FM
TCP=RFV* ({ ((0.233361E-10°T - 0.545131E-7)°T
. +0.351709E-4)*T

1 +0.757505E=1)"T
1 +1.318B41) + RFV
TCP=FM*TCP

ENTHLP= ENTHLP + TH*X(7)
CSUBP= CSUBP + TCP*X(7) + 1000.*TH*DCDT*PCTRES*TABLE(7)
ENTHLP = ENTHLP/MBAR ' '
CSUBP = CSUBP/MBAR -
CPU=CSUBP

NOW CALCULAIE RHO AND ITS PARTIAL DERIVATIVES -
USING PERFECT GAS LAW

RHO=PSCOR*MBAR*P/T
RHOU=RHO
RU=RGAS/MBAR
GAMU=CSUBP/ (CSUBP-RU)

IF(GAMU.LT.l..OR.GAMU.GT.Z.)THEN

PRINT*," ' '
PRINT® ., '#sevessnses EXECUTION STOPPED AT UPROP sssetessssese!
PRINT®,” *
PRINT*,’T =',T,' P =",P
PRINT® . *X{1)m* X(1)." X{2)=* ,X(2
PRINT®, "X{3)m' ,X{(3)," X(4)=",X(4 N
PRINT®, "X (5)=",X(5),* X(6)="',X(6
PRINT* ., "X({7)=*,X(7).' Ru=",RU
FEFNT‘,'CPU—'.CPU.' GAMU =" ,GAMU
PRINT®," *
PRINT® . 'essss+eesss EXECUTION STOPPED AT UPROP sasensescsrne’
PRINT*," ' : .
ENDIF
IF (GAMU.LT.1..0R.GAMU.GT.2.) STOP

ALL DONE
RETURN

+1.31841)*T ' )

APP20290

" APP20300
APP20310

APP20320
APP20330
APP20340

APP20350

APP20360
APP20370
APP20380
APP20380
APP20400
APP20410
APP20420
APP20430
APP20440
APP20450
APP20460
APP20470
APP20480
APP20480
APP20500
APP20510
APP20520
APP20530
APP20540
APP20550
APP20560
APP20570
APP20580
APP20590
APP20600
APP20610
APP20620
APP20630
APP20840
APP20650
APP20660
APP20670
APP20680
APP20690
APP20700
APP20710
APP20720
APP20730
APP20740
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APP20750
e _APP20760
APPENDIX 1 APP20770
e P20780

APP20790

APP20B10

GIVEN : CRG = CRANK ANGLE APP20820
VE = ENTRAINED VOLUME APP20830
APP20R40

GIVEN AS CONSTANTS : RR = RADIUS OF CYLINDER ( HALF BORE ) APP20850
RS = SPARK LOCATION FROM CENTER APP20860

APP20870

RETURN ; H = CHAMBER HEIGHT APP20880
RE = ENTRAINMENT RADIUS APP20890

AE = ENTRAINMENT SURFACE AREA _APP20900
APP20910

= APP20920

APP20930

SUBROUTINE SHAPE (CRG,VE,H,RE,AE) APP20940
COMMON/BBORE /BORE. APP20950
C APP20S60

RR=BORE /2. APP20970

RS=0.75 APP20980

H=VTO(CRG)/3.1416/RR**2, APP20990

c APP21000

RE=(3./2.%VE/3.1416)**(1./3.) APP21010

IF&RE.LE.H.AND.RE.LE.RR-RS% AE = 2.%3.1416"°RE*"2, APP21020

IF{RE.LE.H.AND .RE.LE .RR-RS) GO TO 4 APP21030

c APP21040
DO 2 1 =1,%0 APP21050
FRE=0. APP21060
AE=0, - APP21070
20=0. APP21080
RO={RE**2.~Z0%*2.)%%0.5 APP21090
ALFOm3. 1416 AFP21100
BETOmO, * APP21110

IF (RO.GE .RR-RS) THEN APP21120

1F (RO.GE .RR+RS) THEN APP21130
AFLOw0, APP21140
BETO=3. 1418 APP21150

ELSE APP21160
ALFO—ACOSEE2RS"2.§+ERO"2.;—ERR"Z.g;/EZ.*RS’RO}% APP21170
BETO=ACOS({ (RS**2. }+(RR**2.)-(RO"*2.))/(2.*RS*RR APP21180

ENDIF APP21180
ENDIF APP21200

c APP21210
DO 1 Z = H/50.,H,H/50. APP21220
Rm0. . APP21230
IF(RE.GT.Z) R=(RE**2.-Z**2.)**0.5 . APP21240
ALF=3.1416 APP21250

BET=0. ‘ APP21260

IF(R.GE .RR-RS) THEN APP21270

IF(R.GE .RR+RS} THEN APP21280

ALF=0. APP21280
BET=3.1416 NeP21300

ELSE . APP21310
ALF-ACOSEERS"2.+R"2.—RR“2. /EZ.'RS‘R); APP21320

BET=ACOS( (RS**2.+RR**2,-R**2.)/(2.*R5*RR}) APP21330

ENDIF APP21340

ENDIF =~ . APP21350
 FRE=FRE+({ALF*R®*2.+BET*RR**2, +RS*RR*SIN(BET)+ APP21360

1 ALFO*RO**2.+BETO*RR**2.+RS*RR*SIN(BETO)) *{Z-20)/2. APP21370
AE=AE+(ALF+ALFO) *{Z-20}/2. APP213B0

RO=R APP21390
ALFO=ALF APP21400
BETO=BET APP21410

Z0=Z APP21420

1 CONTINUE APP21430
o APP21440

FRE=FRE-VE APP21450

AE=Z. *RE*AE APP21460

REmRE-FRE/AE /2. APP21470

1F(1.GE.%0) APP21480

1 PRINT*,' ... NUMBER OF ITERATION EXCEEDS LIMIT IN "SHAPE" |' APP21430

cl'
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IF(1.GE.50) STOP
IF(ABS(FRE)}/VE.LE,1.E-03} GO TO 3. .
CONTINUE | ‘
IF{RE.GE. {{RR+RS)**2,+H**2,)** 5)THEN
" RE = ((RRHRS)**2.+H*#2,}**.5

AE = Q.

ENDIF

RETURN
END

APP21300

- -APP213510 -

APP21520
APP21530
APP21540
APP21550
APP21360
APP2{570
APP21380
APP213%0
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.APPENDIX J

SUBROUTINE 1SCOMP

v

APP21810

T APP21820 e
APP21630

APP21640
APP21830

GIVEN : VOLI = TOTAL VOLUME BEFORE COMPRESSION
VOLF w TOTAL VOLUME AFTER COMPRESSION
PIN = PRESSURE BEFORE COMPRESSION
GIVEN IN COMMON BLOCK .

TEMP(I)} = TEMPERATURE OF EACH PARTICLE BEFORE COMPRESSION
"vOL ]; = VOLUME OF EACH: PARTICLE BEFORE COMPRESSION

FFR(1) = FUEL FRACTION OFf EACH PARTICLE

RETURN : POUT = PRESSURE AFTER COMPRESSION
RETURN [N COMMON BLOCK :

TEMP(I)} = TEMPERATURE OF EACH PARTICLE AFTER COMPRESSION
VOL(I) = VOLUME OF EACH PARTICLE AFTER COMPRESSION

SUBROUTINE NEEDED : UPROFP, CLDPRD

APP21660
APP21670
APP21680
APP216890
APP21700
APP21710
APP21720
APP21730
APP21740
APP21750
APP21760
APP21770
APP21780
APP21790
APP21800
APP21810
APP21820

OOOOO0O0O00QO0O0O000000

SUBROUTINE [SCOMP(VOLI, VOLF PIN, POUT)
COMMON/BURN/FFR (9999) , IBURN(9999)
COMMON/ TEMVOL /TEMP{9989) , VOL (9983)
COMMON/PARNUM/N, NT ,N1,N2 N3 -
COMMON,/UGASP/CCU(7) ,MBARU, RU,GAMU, CPU, HU, TU, RHOU
COMMON/BGASP/CCB ,MBARB,RB,GAMB, CP8 ,HE

COMMON /CHARB,/PHI

REAL VNEW(9999)

FOmA4./(44.45.*(32.+3.76*28} /PHI)

CALL UPROP(PIN,TEMP(NT+1) ,ENTHLP,CSUBP, RHO)

POUT = PINS (VOLI/VOLF)**GAMU

DO 2 ITS = 1,50

TOVOL=O.

UNB=O.

DO 1 I =1,NT+1

IF{1BURN(1).EQ,2) THEN

1F (UNB.EQ.0.) THEN .
CALL UPROP(P]N TEMP (1) ,ENTHLP,CSUBP RHO)
UBN=1.
ENDIF. .. -
VNEW([) = VOL(I)‘(POUT/PIN)‘*(—!./GAMU)
TOVOL=TOVOL+VNEW(I)

ELSE
CALL CLDPRD(PIN,TEMP(1) .M, CP.RHO.
VNEW(I) = VOL(I)*(POUT/PIN)*=(-1.
TOVOL-TOVOL+VNEW(1) .

ENDIF
CONT INUE
TOVOL = TOVOL + (N-NT-1.)*VNEW(NT+1)

IER)
/GAMB)

POUT=PDUT* { TOVOL /VOLF ) * *GAMB

IFiAB (TOVOL-VOLF)/VOLF .LE . 1,.E-05) GO TO 9

IF(1TS.GE.50) PRINT®,

1 % U NOMBER OF I[TERATION EXCEEDS LIMIT IN "ISCOMP" 1®
IF(ITS.GE.50) STOP :

CONT INUE

UNB=0,
DO 3 I =1,MIN{N,0999)
IF(1.LE.NT+1) THEN
IF (IBURN(1).EQ.2) THEN
IF(UBN.EQ.0.) THEN
CALL UPROP{PIN,TEMP (1) .ENTHLP,CSUBP ,RHO)
UNB=1. "
ENDIF
vOL(1)mvNEW( 1)
, TEMP(])-TEMP(!) {POUT/PIN)** { (GAMU-1. ) /GAMU)
LSE

CALL CLDPRD(PIN,TEMP{I) ,H,CP,RHO, IER)

¢

APP21830

APP21B840

APP21850
APP21860
APP21870
APP21880
APP21890
APP21900
APP21910
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APP21930
APP21940
APP21950
APP21960
APP21970
APP21980
APP21950
APP22000
APP22010
APP22020
APP22030
APP22040
APP2205%0
APP22080
APP22070
APP22080
APP22020
APP22100
APP22110
APP22120
APP22130
APP22140
APP221%50
APP22160
APP22170
APP22180
APP22190
APP22200
APP22210
APP22220
APP22230
APP22240
APP22250
APP22260
APP22270
APP22280
APP22230
APP22300
APP22310
APP22320
APP22330
P22340
APP22350
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 VOL(1)=VNEW(!

ENDIF
ELSE
VOL(I) = VOL(NT+1)
- TEMP(T) = TEMP(NT+1)
ENDIF
CONTINUE

RETURN °
END

TEMP(l)-TEMP(%Y‘(PQUT]P]N)"((GAMB—I;SYGAMB)“'"“"-L“~

APP22360

- APP22370..

APP22380
APP22390
APP22400
- APP22410
APP22420
APP22430
APP22440
APP22450
APP22460
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APP22480

- APP22490 -

APP22500
APP22510
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SUBROUT INE CODESX.XEND.Y.YPR]M.DPDT.NQ.EPS1.EPSZ.HLAST)

COMMON/BURN/FFR

9999) , IBURN(9999)

COMMON/TEMVOL /TEMP (9999) , VOL (9998)
COMMON/CRANGL /SA , CRG ,CRGSTP
REAL YY(1ooo).Ypi1ooo).YYPR1u(1ooo)

REAL Y (NQ),YPRIM

IF(NQ.GT.1000) PRINT®,'- NUM OF EQUATIONS > 1000 !’
NG.GT, 1000

1F

NG)’

STOP .

CALL FCN(NG,X,Y,YPRIM,DFDT)
. TERMINeABS{Y{1)/YPRIM(1))}
00 7 1 = 2,NQ

lFEY(l)\EQ.O..OR.YPRIM(I).EQ.O.; GO TO 7
1F {ABS (Y (1) /YPRIM(1)) .LT. TERMIN) TERMIN=ABS(Y(I)/YPRIM(I))
CONT INUE ‘

H-AMAX1(EPS1‘TERM[N.HLAST.XEND/10)
PRINT*,’ FIRST H =',H
NITS=0
NRH=0
NIH=0
DO 10 ISTEP = 1,100

IF
IF
IF

IFLAG = O
X+H.GT.XEND} HLAST=H 4
X+H.GT . XEND

i
IF

i

E

ISTEP.GT.99
ISTEP.GT.989

PRINT®, ' NUM OF STEP > 99 AT CRG ='.CRG
STOP

ISTEP.EQ.S1§ PRINT*,’ WRN : NUM OF STEP > 56 AT CRG =',CRG

H=XEND-X

ITS = 0
CALL FCN(N@,X,Y,YPRIM,DPDT
DO 11 I = 1,NQ

YY (1)=v (1)
-YYPR!MEIB-YPRIM(H

Y{(1)=Y

1) +H*YPRIM(1)

CONT INUE

DO 12 1 = 1,NQ

YP(1)=Y (1)

CONTINUE

CALL FCN{NQ,X+H,Y,YPRIM,DPOT)

DO 13 1 = 1,NQ

Y(1)mYY (1)+H/2. * (YPRIM( 1 }4YYPRIM(I))
CONT INUE

1TS=1TS+1

NITS=NITS+1

DO 14 | = 1,NG .
B(Y(1).EQ.0..OR.YP(1).EQ.0.) GO TO 14
DIF=ABS (Y (1)=YP(1))/AMINT (v{1}.YP(1))
IF(DIF.GE.EPS2.AND.ITS.LT.5 ; Go TO 9

IF{DIF.GE.EPS2.AND.ITS.GE.5

THEN

IF{IFLAG.EQ.2)

PRINT*,® WRN : H IS REDUCED THE 3RD TIME AT STEP', ISTEP

1F (IFLAG.GE.3)

PRINT®,* STEP CONVERGENCE FAILED. DIF/EPS2 =’ ,DIF/EPS2

IF{IFLAG.GE,3) STOP
H=AMAX1{AMINT (H/2. ,H/DIF *EPS2) ,H/5.)
IFLAG=IFLAGH1

NRH=NRH+1

DO 15 J = 1,NQ

Y(J)mrY (J)

CONT INUE

IF(IFLAG.LE.3) GO TO 8B

ENDIF

IF(ISTEP.EQ.1) THEN ' '

ENDIF =

Fi

CONTINUE
XwX+H

1F
IF

i

X.EQ.XEND) GO TO 20 J

1TS.LE.2) H=H*1.5 -

APP22530
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IF{1TS.LE.2) NIH=NIH+% APP23230
CCONTINUE - oo o e e e . APP23240
- . ‘ , T UAPP23230°

PRINT*,* STEPS TAKEN:=',ISTEP,’ CORRECTOR ITERATION =' NITS APP23280 -
PRINT® * STEPSIZE REDUCTION =',NRH,’ STEPSIZE INCREASE =’ ,NIH - APP23270
PRINT*," LAST H =’ HLAST APP23280
RETURN . : , S ‘ . APP23280
END : o APP23300
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c .
SUBROUTINE AGEMIX{DELT,W,NM,DSEED)
c .
COMMON/MI X /MASS ,F3,VOL3, TO3
COMMON/PARNUM/N, NT N1 ,N2, N3
C URN/FFR(9999) , IBURN(9999)
c /TEMVOL/TEMP (9999) , VOL (9989)
c IDNUM/IDN(9999)
c £ /NAGE ,NP(500) ,FNM(500)
REAL SEN{9999)
INTEGER TR(2) ,K,NR
DOUBLE PRECISION DSEED
o4
C  NM = NUMBER OF PAIRS TO BE MIXED AT A FREQUENCY OF 'W'.
c

c
NP2m=0.
DO 98 IAGE = 2, NAGE
IF(1AGE.NE.2) NP2 = NP2 + NP(IAGE-2)
XNM = DELT*We* (NP ( IAGE)+NP( 1AGE-1))
NM = INT(XNM)
FNM( 1AGE ) =F NM{ 1AGE ) +XNM—NM
lFiFNMElAGE GE.1.) NM=NM+1
1F(FNM{TAGE) .GE. 1.) FNM{IAGE)}=FNM(IAGE)-1.
[
€ RANDOM GENERATOR "GGUD" GENERATES NR INTEGERS FROM 1 TO K
g ( INITIAL SEED DSEED RANGES FROM 1.0D0 TO 2147483647.000 )
K = NP{IAGE)+NP{1AGE-1)
NR = 2
c
DO 130 1 = §,NM
CHOUNT=O,
22 CALL GGUD(DSEED,K,NR, IR)
Ii-!R21;+NP2
12=1R(2)+NP2
IF(CHOSEN(11) .EQ. t. .OR.CHOSEN(12).EQ.1.) CHOUNT=CHOUNT+1.
IF (CHOUNT .GT.K**2) PRINT®,* K =',K,” NM =’ NM
IF (CHOUNT.GT.K**2) PRINT*,* X =',1," CHOUNT >',CHOUNT
1F (CHOUNT.GT.K**2) STOP
IF(CHOSEN(11) .EQ. 1. .0R.CHOSEN(12) .EQ.1.)GO TO 22
CHOSEN(11)m1.
CHOSEN({12)=1.
iIF(IBURN(I1).NE. IBURN(12).0R.
1 (IBURN(I1).EQ.1.AND.IBURN(12).EQ.1)) THEN
. IF(JAGE.EQ.2) GO TO 97
97 CALL MIXFRO(FFR(I1),FFR(12),vOL{11),vOL{12),TEMP(11), TEMP(12))
FFR(I11)=F3
FFR{I2)=F3

IF{W*DELT.GT.0.5
DO 100 | = 1,NT
CHOSEN(1)=0,
100 CONTINUE

vOL(11)=vOL3
voL{12)=vOoL3
TEMP$I13-T05
TEMP(12)=T03
DO 8 J = 1,NP(IAGE)
IF(1DN(J).€Q.11.0R.
8  CONTINUE
lDN§11g-o

I?N 12)m=11
ENDIF

130 CONTINUE
99 CONTINUE
CALL COUNT(NT)

RETURN
END

ngW'DELT.GT.O.S; PRINT*,® W*DELT =' WeDELT,'> 0.3 "'

e

STOP

ION(J) .EQ@.12) IDN(J)=0
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