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ABSTRACT

A FIVE-ZONE MODEL FOR DIRECT INJECTION
DIESEL COMBUSTION

Richard J. Asay
Department of Mechanical Engineering

Master of Science

Recent imaging studies have provided a new conceptual model of theinternal
structure of direct injection diesel fuel jets aswell as empirical correlations predicting jet
development and structure. Thisinformation was used to create adiesel cycle simulation
model using C language including compression, fuel injection and combustion, and
expansion processes. Empirical relationships were used to create a new mixing-imited
zero-dimensional model of the diesel combustion process. During fuel injection five
zones were created to model the reacting fuel jet: 1) liquid phase fuel 2) vapor phase fuel
3) rich premixed products 4) diffusion flame sheath 5) surrounding bulk gas.
Temperature and composition in each zone is calculated. Composition in combusting
zones was calculated using an equilibrium model that includes 21 species. Sub models
for ignition delay, premixed burn duration, heat release rate, and heat transfer were also
included.

Apparent heat release rate results of the model were compared with datafrom a
constant volume combustion vessel and two single-cylinder direct injection diesel engines. The
model ed heat release resultsincluded all basic features of diesel combustion. Expected trends
were seen in theignition delay and premixed burn model studies, but the model is not predictive.
Therisein heat release rate due to the diffusion burnis over-predicted in all cases. The shape of
the heat rel ease rate for the constant volume chamber iswell characterized by the model, asisthe
peak heat releaserate. The shape produced for the diffusion burn in the engine casesis not
correct. Theinjector in the combustion vessel has asingle nozzle and greater distance to the wall
reducing or eliminating wall effects and jet interaction effects. Interactions between jets and the
use of aspray penetration correl ation devel oped for non-reacting jets contribute to inaccuracies
in the model.
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1.INTRODUCTION

Combustion processes are important in most practical power generation devices,
among which diesel engines are the most efficient. Understanding the details of the
combustion processes in these applicationsis essential in predicting performance and
pollutant formation. The widespread use of diesel engines and the increasingly stringent
regulations on emissions make the diesel combustion process a subject of considerable
research importance.

Diesel combustion is extremely complex. At present, it isnot p ossible to
construct modelsthat predict engine operation from the basic governing equations alone
[1]. Computer models have been written that attempt to describe and predict the
combustion process. These codes vary in complexity from simple correlationsand zero-
dimensional models with no spatial resolution to multi-dimensional finite difference
models. While multi-dimensional models attempt to incorporate more fundamental
equations and rel ationships, zero-dimensional models tend to rely more heavily on
correlations and empirical data. Recently, many of the correlations and empirical
relationships have been devel oped from imaging studies that have been performed to
determine the structure of the diesel flame. These studies have used lasers and other
methods to see inside the reacting fuel spray. Recently, in-cylinder and combustion

bomb studies have produced new information regarding spray penetration, ignition delay,



NOx and soot formation zones and flame lift-off. The imaging studies give atemporal &
well asaspatial picture of the details of the combustion process.

The objective of thisthesisisto produce anew zero dimensional, multi-zone
model of diesel combustion that incorporates this new information. The proposed model
will providetemperature, size, and species predictionsfor five zones: the liquid fuel,
premixed reaction, rich products core, diffusion flame sheath and surrounding bulk gas.
Sub models will include: 1) a spray geometry model, 2) an ignition delay model, 3) a heat
release rate model, 4) a product equilibrium model and 5) a ssmple heat transfer model.
Thismodel will then beintegrated to produce a cycle simulation model and used to
predict engine performance parameters and pollutant formation. Predicted heat release
rate and pressure will be compared to experimental datafrom a constant volume

combustion vessel and two diesel engines.



2.BACKGROUND

2.1.THE DIESEL COMBUSTION PROCESS

Thediesel cycle consists of five processes: intake, compression, fuel heat release,
expansion, and exhaust. Modeled heat release is determined by modeling fuel injection,
ignition delay, and combustion. A cycle simulation could model all of these processes.
Thiswork will focus on the closed portion of the cycle and exclude the intake and
exhaust processes. The compression and expansion are adequately modeled using afirst
law energy balance of the cylinder and an appropriate heat transfer model. The greatest
challenge liesin modeling the injection, ignition, and combustion process. The spray
geometry, ignition delay, heat release rate, heat transfer and product equilibrium
predictions must all be modeled in order to provide information necessary to produce
basic performance and emissions predictions. In order to provide the background for
modeling these processes, old and new conceptual models of diesel combustion will first
be reviewed in addition to areview of current zero -dimensional modelsin the literature.
A new zero-dimensional model will then be proposed based on the new mnceptual

combustion mode!.

2.2.THE OLD CONCEPTUAL MODEL OF DIESEL COMBUSTION
Because of the difficulty of studying diesel combustion in the engine, early
conceptual models were based on models of other types of spray combustion. Generally,

the models assumed a spray with aliquid fuel core or atomized spray surrounded by a
3



flame. The fuel was thought to burn at a mixture close to stoichiometric conditions but it
was uncertain as to whether combustion took place in a flame sheath around the entire
spray or around individual fuel dropletsin an atomized spray. The size distribution and
penetration length of liquid dropletsin non-reacting sprays were measured but were
essentially unknown in reacting sprays.

This former model was based on spray and combustion fundamentals and not on
direct observation. There was uncertainty about the details of combustion. Engineers
realized the uncertainty of this conceptual model but measurements were difficult to

obtain. A more complete discussion of the old model can be found in Dec [2].

2.3.NEw CONCEPTUAL MODEL

Taking advantage of optical diagnostics and improved experimental facilities,
laser and other imaging studies have been used during the past decade to improve our
understanding of the structure of the diesel flame. Dec [2] and Flynn et &. [3] have
compiled the results of many of these studies into a compl ete picture of the structure of
the diesel spray. The conceptual model describes how the spray devel ops and combustion
begins. It aso describes the quasi- steady p ortion of combustion. A review of the

conceptual model introduced by Dec [2] is given below.

2.3.1. TEMPORAL MODEL

Asliquid fuel isinjected into the cylinder, high temperature air is entrained into
the fuel forming a cone shaped spray. This high temperature ar evaporates and mixes
with thefuel. Studiesdone on this portion of the spray have determined that thereisa

maximum penetration distance for the liquid fuel after which all the fuel will vaporize



[4,5]. Thisdistance is called the liquid length. Thislength varies with fuel properties,
combustion chamber conditions, and injector geometry, but is basically the result of an
energy balance between the energy of the air entrained and the energy required to
vaporize the fuel. Higher air density and temperature in the cylinder cause more air to be
entrained and reduce the liquid length. Surprisingly, the liquid length is not correlated
with droplet size or injection pressure except to the extent that these parameters cause
more or lessair to be entrained.

Beyond the liquid length, the fuel vapor and air continue to mix and penetration
continuesinto the combustion chamber. With the high temperaturesin the cylinder,
autoignition begins when the fuel-air equivalence ratio and the temperature in the spray
reach combustible limits. Ignitable mixtures would of necessity exist beyond the liquid
length or on the sides of the spray where the fuel has evaporated and has the opportunity
to heat above the boiling point. Combustion of this premixed, vaporized-fuel and air
mixture is thought to occur volumetrically in a premixed reaction rather than a
propagating premixed flame. The initial premixed burn involves the combustion of these
rich premixed vapors and consumes all the oxygen previously entrained in thevapor
portion of the spray. At the end of theinitial premixed burn, a diffusion flame surrounds
therich products of the premixed reaction. This diffusion flame appears to form where
the equivalenceratio of the mixtureis close to one. Once the diffusion flameis formed
and theinitial premixed burn ends, the combustion process becomes quasi-steady. A

schematic diagram of a quasi-steady diesel combustion flamejet is shown in Figure 2.1.
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Figure 2.1. Quasi-steady diesel combustion plume as presented by Dec (1997) [2].
Used by permission

2.3.2. QUASI-STEADY MODEL

During this phase the liquid length remains a feature of the spray. Theliquid
length shortens a small amount due to combustion that increasesthe energy of the air
entrained into the jet. Beyond the liquid length the fuel isal in the vapor phase mixed
with hot entrained air. This mixtureincreases in temperature until reacting in the fuel
rich premixed combustion zone. For normal diesel operation the equivalenceratio of this
mixture upon reacting is thought to be between 2 and 4 (Dec [2]) and thusistermed a
rich premixed burn. The reaction consumes the available oxygen leaving combustible
materials such as CO and unburned hydrocarbon. The rich premixed burn produces
products at intermediate temperatures, 1600 — 1900 K, but does not reach the
stoichiometric flame temperature because a large portion of chemical energy remainsin

the CO and unoxidized products due to alack of oxygen.



A diffusion flame forms an envelope not only around the rich premixed products
but also locates around the liquid spray forming alifted diffusion flame. The distance
from the nozzle to the edge of the diffusion flameis called the lift-off length. The lift-off
length is extremely important in determining th e characteristics of the flame because it
determines how much air is entrained into the rich premixed reaction zone. Itisin the
rich premixed reaction zone where soot isinitially formed

The temperature of the flame sheath is near the stoichiometric adiabatic flame
temperature. Thelift-off length istypically shorter than the liquid length for the current
operating conditions of most modern diesel engines. Longer lift-off lengths allow more
air entrainment increasing oxygen in the rich premixed reaction zone and thereby
decrease soot formation.

The products of this premixed reaction continue to move axialy away from the
nozzle and spread radially outward. Because the liquid length and premixed burn
location remain fixed until the end of combustion, this portion of the combustion process
is termed quast-steady although the leading edge continues to move forward and expand
radially.

At the end of injection, the liquid portion of the spray slows and stops flowing out
of thenozzle. Thelast bit of liquid moves away from the nozzle but the liquid length
remainsrelatively constant leading to an end of theliquid phase. The slowing of the
spray allows the flame to move closer to the nozzle, shortening the lift-off length.
Rapidly, the diffusion flame encirclesthe entirejet. At thispoint asignificant portion of
the fuel energy remains unreacted but the conceptual model is no longer well understood.

Images of combustion in the cylinder following the quasi-steady phase show pockets of



rich premixed products (containing soot) surrounded by a diffusion flame (athin layer of
OH). It appears that the rich products within the jet are carried toward the wall where the
jet splits and forms large-scale turbulent structures that entrain air and continue to burn as

adiffusion flame.

2.4.DIESEL COMBUSTION MODELS

There are two categories of models used to describe diesel combustion,
comprehensive three-dimensional models and phenomenological models or zero
dimensional models. Three-dimensional models use computational fluid dynamic (CFD)
codes to describe the flow field and temperature conditions in the combustion chamber.
Sub models are included for spray breakup, ignition, heat transfer, and pollutant
formation. Phenomenological models separate the combustion chamber into different
zones and can be categorized by the number of these zones. There are one, two, three,
and multi-zone models. These models are often called zero-dimensional because they
provide no spatial resolution. More detailed explanations of these model types can be

foundin[1], and [6-9].

2.4.1. THREE-DIMENSIOINAL MODELS

CFD has been used extensively for modeling engines. In addition to modeling the
three-dimensional flow, engine CFD codes require a moving boundary condition for
piston movement. With a complex flow model it is normally necessary to model
combustion using the same type of correlations that are used in zero dimensional models.
Thisdiminishesthe benefits of 3D models. Due to the complexity of these models, they

demand large amounts of computer power. The time required for the calculationsis also



limiting. Thisis especially important when many iterations are required to determine
constants or to determine the effects of changing parameters. Thistype of model will not

be considered for thisthesis. Examples of these models can be found in [10,11].

24.2. ONEZONE MODELS

Single zone model s are advantageous because of their simplicity and are widely
used along with empirical data within the engine industry to make design decisions. This
method assumes that the entire volume of the combustion chamber is a homogeneous
mixture of air and combustion products. It then assumes that the fuel is burned
immediately on injection into the combustion chamber [7]. Examples of thistype of
model canb e found in[1,12,13]. Often, the measured pressure risein an engineis used
to tune the model or is used to provide arate of heat release. Zero dimensional models
are therefore usually not entirely predictive but are used to extend the value of the
measured data.

The disadvantage of single zone modelsisthat they cannot fully describe the
complex phenomena that comprise the compression-ignition engine combustion process

and substantial empirical input must be used [1].

24.3. TWO-ZONE MODELS
A two-zone model separates the combustion chamber into afuel/air mixture zone
(zone 1) and a zone of air and combustion products (zone 2) asillustrated in Figure 2.2.
Thistwo-zone structure is used extensively in spark ignition engine models[7].
However, Salem et al. [14] used this type of model for a diesel engine where the

spray wasthe air-fuel mixture zone. The fuel isassumed to burn at the edge of the spray.



el D

Figure 2.2. Two zone model

2.44. THREE-ZONE MODELS

Foster [7] describes amodel by Gao et al that uses three zones to describe
combustion in an ethanol fumigated diesel engine (Fig. 2.3). In this model two of the
zones contain the air-fuel mixture. Zone 1 contains air and ethanol, and zone 2 contains
diesel fuel, air, and ethanol. The third zone contains the products of combustion. The
diesel fuel isassumed to burn first, resulting in the destruction of one of the air-fuel

zones. Theair-ethanol zoneisthen assumed to burn.

zohe 3

Figure 2.3. Three zone model
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Figure2.4. Multi-zone models

245. MULTI-ZONE MODELS

Multi-zone models separate the fuel spray into alarge, finite number of zones.
Two examples of these types of models are shownin Figure 2.4. In one, the zones are
small packets of fuel that move through the combustion chamber. The state of the mass
in each packet istracked asit moves. This method has been used by several researchers
[6, 15-21]. A second type of multi-zone model [22-24] follows the devel opment of
equivalence ratio zones surrounding a central liquid core. The fuel isthen assumed to

burn when the equivalenceratio is equal to one.

2.5.SUMMARY AND NEED FOR A NEW MODEL

The new conceptual model suggests several features of diesel combustion that are
not consistent with previous models. 1n the new conceptual model, the concept of a
liquid length has been introduced which is not described by any of the previous models.
It isalso now known that there is not a solid liquid core but an atomized spray forming a
jet of fuel and air. Theliquid length can be correlated with in-cylinder temperature and
pressure and fuel properties. Itisnow known that droplets do not penetrate beyond the

liquid length. Thisis different from the previous view of aliquid core penetrating deep
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into the spray. The new conceptual model involves atwo-step combustion processthat is
spatially separated and not a single diffusion flame combustion process. The new
conceptual model has shown that soot forms within the rich premixed product zone and
burns out as it passes through the flame sheath, NO is not formed inside of the flame but
only on the lean side of the flame sheath. A sub-model that describesthe temperature
and stoichiometry of these two zones where soot and NO are formed does not exist in
current models. Describing the temperature of these zones with a zero dimensional
model will allow the computational power to be used on comprehensive kinetic
mechanisms describing NO and soot formation.

The conceptual model proposed by Dec [2] has been used to create anew multi-zone,
zero-dimensional, computer model written in C language. The computer program simulatesthe
initial spray formation and ignition process as well as the processes described in Dec’s

conceptual model. The quasi-steady model is separated into five zones (Fig. 5).

diffuzion flame zone

srrounding bolk gas

liquid length

liquid fuel zone

wapor fuel zone

rich products zone

Figure 2.5. Five zone spray combustion model
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Thefive zones are;

1. Liquid phase fuel

2. Vapor phase fuel

3. Rich products

4. Diffusion flame

5. Surrounding bulk gas

Thismodel includes sub modelsfor spray geometry, ignition delay, heat release
rate, product concentrations, and heat transfer. This model has been integrated into a

cyclesimulation program.

2.6.0OBJECTIVES

The objective of thisthesisisto complete afive-zone diesel combustion model
including sub modelsfor: 1) spray geometry, 2) ignition delay, 3) heat release rate, 4)
equilibrium product concentrations, and 5) heat transfer. Prediction o f the product
concentrations will require the development of a combustion equilibrium code. The
combustion model will be integrated into a cycle simulation model. The results of the
combustion model and cycle simulation code will be compared with experimental results
obtained from a constant volume combustion vessel and from the results of two diesel

engines.

2.7.CONTRIBUTION
Numerous zero dimensional models have been written based on the old
conceptual model to predict diesel combustion phenomena. The recent combustion

imaging studies of Dec [2] and the spray penetration studies by Siebers[4,27] provide
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new information, which has not yet been incorporated into modeling efforts. Thiswork
will produce a new model of diesel combustion, which incorporates this new information.
By placing the new conceptua information in the quantitative framework of a model, the

information will become more useful for engine design and devel opment.

2.8.DELIMITATION

Due to the complexity of the problem, the following simplifications will be made
inthisinitia effort to produce a new simulation program. The combustion chamber will
be assumed quiescent. Jet impingement on the cylinder wall will be neglected and the
combustion process will be assumed to continue in a quasi-steady manner. Only simple,

existing models for heat transfer and ignition delay will be used.
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3. SPRAY CORRELATION AND EQUILIBRIUM MODEL

Before describing the cycle simulation, two models used throughout the
simulation will be explained. First the spray model will be explained, followed by the

equilibrium model.

3.1.SPRAY MODEL

The spray model is used to calculate the geometry of the fuel spray and defines
the amount of cylinder gas entrained into the spray. The spray model predicts spray
penetration length, liquid length, dispersion angle, and local equivalence ratio axially
along the length of thejet. Thejet geometry isused in the cycle simulation to define
zonesthat have distinct phase, species, or temperature characteristics. Thefollowingisa
brief description of the spray penetration and liquid length models and the equations

involved. For more information consult Refs. [25,27].

3.1.1. SPRAY PENETRATION M@DEL

The spray penetration model was developed at Sandia National Laboratories [25]
andisgivenin Equation 3.1 below. The penetration correlation was developed using
mass and momentum balances for a non-vaporizing spray of uniform velocity,
temperature, and composition. The correlation was compared with penetration datafrom

both vaporizing and non-vaporizing sprays. The equation is shown to underpredict the
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penetration of anon-vaporizing spray by at most 18% and over predict the penetration of

an evaporating spray by at most 21%.
J1+16 32 +%ln(4§+,/1+16§2) (3.1)

In the spray penetration equation t is the dimensionless time and Sisthe

t=2+

Nt
Sl

dimensionless distance of the spray penetration defined by

~

t
= (32)

!
1

(33)

wheret and S are the actual time and spray penetration distanceandt* and S* are defined

=S
=~ 1
+ ?]JZ 4
t ' U, tan(a/2) (34)
1
— 312
S =d, 7 - (3.5)

In these equations dyis the effective spray nozzle orifice diameter calculated by
multiplying the actual orifice diameter by the area contraction coefficient to the %2 power.

d, =Ca"d, (36)
7istheratio of fuel density to air density.

-2
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Uristhe fuel injection velocity calcul ated &

P-P
U, =C, |22 (38
?f

where Cy is the velocity contraction coefficient (Ca/Ca), Pristhe fuel injection pressure,

P,istheair pressure andr ¢ is the fuel density.
Because of the uniform velocity profile assumption stated earlier, areal spray
with the same momentum as the modeled spray will have alarger cone angle. The

relationship between the measured (q) and modeled (a) spray angle, given by Equation
3.9, was found experimentally.
tan(a) = .66 tan(?) 39)
A correlation given in [26] was used to predict the measured spray angle g as seen

in Equation 3.10.

. b 6 5 U

tarfe 0= 0266022 - 0043 |24 (3.10)
2 Al ’) f) 7
ez g “af

Given the shape of the spray (a cone), the volume filled with entrained gasses can
be calculated. Then, assuming the entrained gases to be air, the equivalenceratio at any
position can be calculated using Equation 3.10.

t()=—225 (3.10)

~/1+ 16S% - 1
Inthisequation A/F; is the stoichiometric air/fuel ratio.

Equation 3.1 cannot be explicitly solved for S , and therefore an iterative solution
was used to calculate the penetration length. These equations can be used to determine

either the penetration length at any given time after the start of injection, or thetime
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required to reach a certain penetration length. Both are used in the cycle simulation

program along with the equivalenceratio calculation.

3.1.2. LIQUID LENGTH MODEL

The liquid length model predicts the maximum distance liquid fuel penetrates into
the cylinder [27]. An energy balance determines the energy from in-cylinder gasses
required to vaporize the injected fuel. When the energy entrained in the spray is
sufficient to vaporize the fuel, the spray is considered to have reached maximum liquid

fuel penetration called the liquid length. The correlation developed at Sandia[27] was

used as given by Equation 3.11.
'(;—L =k?°B"® (3.11)

Where: LL istheliquid fuel penetration length,
do istheorifice diameter

f~isthe same density ratio as defined by Equation 3.7
k=105 a = 0.58, and b= 0.59 are empirical constants, Higgins (Ref [27])
B istermed the “ specific energy ratio” and is given by Equation 3.12.

B = Cp,liq (Tb - Tf)+ hvap
Cp,air(Tair - Tb)

(3.12)

In this equation C,iq, ad G, 4 are the constant pressure specific heats for liquid fuel and
air respectively. T, isthe boiling temperature of the fuel, Trg isthe fuel temperaturein
the injector, and T4, is the temperature of the gassesin the cylinder. The heat of
vaporization of thefuel ishy,. The parameter B, then, istheratio of energy required to

vaporize the fuel over the energy provided by the outside air.
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3.2.EQUILIBRIUM MODEL

The equilibrium code began as an extension of the program by Olikira and
Borman Ref [28], however, Olikara and Borman included only CO and CO; as possible
species where carbon could be distributed in the products which caused the solution to
fail at equivalence ratiosabove approximately 2. The new equilibrium code is expanded
toinclude 21 speciesinstead of only the 12 considered by Olikiraand Borman. These
species allow the program to solve for equivalenceratios of up to at least 8. Inthe
following sectionsthe species included will first be discussed, followed by the
equilibrium reactions used and the equilibrium constants. The solution method will then
be explained including the numerical methods employed to find a solution to this
complicated problem.

Several equilibrium codes have been devel oped and used among researchersin
the combustion community and some are available for open use. These include
STANJAN, acode by Olikiraand Borman [28], and the NASA-Lewis code. A brief
explanation of the reason behind the development of this code will be briefly given.

STANJAN is acode written in FORTRAN at Stanford University. STANJAN is
distributed freely for research purposes as a compiled code, but the compiled version
requires auser interface, which cannot b e called as a subroutine by another program as
required for this application. Source code for STANJAN can be obtained by joining the
STANJAN research group.

The source code for Olikara and Borman was aready availablein FORTRAN,
was written specificall y for engine combustion with areduced set of species and

reactions, and was shorter and easier to understand.
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The NASA -LEWIS code, written by Gordon and McBride, is an extensive code
capable of solving equilibrium problems for severa phases and over 100species. This
code was considered to be more comprehensive than necessary and too computationally
intensive. It was also anticipated that NASA-Lewis would be more complex to learn and
incorporate.

All of the available codes were written in FORTRAN but it was desired to write
the cycle simulation codein C. All of the codes would therefore require either a
trandation into C or amethod for interfacing compiled FORTRAN subroutines with the
cycle simulation code written in C.

Initially it was decided to translate the rel atively short and simple FORTRAN
code of Olikaraand Borman into C. Thiswas completed in a short time but as mentioned
above, the unanticipated need of solving equilibrium under rich conditions abovef =2
required an expanded set of species and equations and a new method for solving the

equations. Asaresult, this research task became more time consuming than expected.

3.2.1. SPECIES

The NASA -L ewis equilibrium code was used to determine which species were
most important to consider. 1t was executed at various high equivalence ratio conditions.
The species with significant mole fractions were added to the equilibrium model. The
NASA-Lewis code predicted a significant amount of solid carbon above an equivalence
ratio of 3.5. Dueto increased complexity of calculation solid carbon was neglected. The

speciesincluded are shown in Table 3.1.
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Table 3.1. Species and assigned species number as occurs in the equilibrium code

1 |[H 7. | NO 13. | CH3 19. | HCN

2 |0 8. |02 14. | CH4 20. | HCO

3. |IN 9. |H20 15. | C2H2 21 | C2H

4. | H2 10. [ CO2 16. | C2H4

5 |OH 11 | N2 17. | NH2

6. |CO 12. | Ar 18. | NH3

With the species determined the global reaction equation is shown in equation

313

CH,ON, + W(oz +3.7274N,, + 0444A1) P 313

N,H + N,O+ N,N + N,H, + N;OH + N,CO+ N,NO + N,O, + N,H,0+ N, .CO, + N, N, +
N_Ar+N_CH, +N,_CH,+N,CH, +N CH,+N_NH,+N_NH, +N_HCN+N,HCO+N,CH

Inthiseguation N are the number of moles of each species. The fuel composition
(n, m, I and k) and equivalenceratio (f) are known and the equation is written assuming 1
mole of fuel. Thisleavesthe moles of each of the 21 species as unknowns. In order to
solve this problem there must be 21 equations. Thefirst 5 equations are the carbon,
hydrogen, oxygen, nitrogen, and argon balances. Therest of the equations come from the
16 equilibrium reactions shown in Table 3.2.

The order to these reactions was chosen with the solution method in mind. The
form of these reactions will be discussed further with the solution method. These

reactions can be used to write the remaining equations to solve the system.
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Table 3.2. The 16 equilibrium reactions used in this model.

HU 2H (R CHz+HU CHq4 (R9)

U 20 (R2) 2CO+H,U CH+0; | (R10)
N,U 2N (R3) CoHo+HoU CoH, (R11)
H+O,U 20H (R4 N+H,U NH, (R12)
O+N20 2NO (R5) NH2+HU NHs (R13)
2H,+0,U 2H,0 (R6) CH3+NU HCN+H, | (R14)
2C0+0,U 2C0, (R7) CO+HU HCO (R15)
CO+2H,U CH3+OH | (R8) 2CO+HU CH+Q: | (R16)

3.2.2. EQUILIBRIUM CONSTANTS
For an arbitrary equilibrium reaction
aA+bBU cC+dD (3.14)

the reaction constant, K, can be written as

(c+d-a-b)
Q

Xce) (Xp)
Kp ( C)a( D)b gﬂz (315)
(X A ) (X B) R (%)
where X; are the mole fractions, P and R arethe reaction and atmospheric pressure in
atmospheres respectively. Because values of Kp are reported in the literature for Po=1

atm, it can be removed from the equation. Resalizing that X;=N; /SN;the K, equation can

be rewritten as

(3.16)
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This form was used for the 16 equilibrium reactions providing 21 equations for
the 21 unknownsin the global reaction. The set of 21 equations produced are non-linear
and can be quite difficult to solve.

Thevalueof K, isafunction of temperature. Curvefitsfor K, areincluded in
Reference[28] for the 7 reactions considered in that work. The fits for the remaining
reactions were calculated using datafrom the JANAF thermochemical tables [30] and are

included in the code. The same form of equation was used for all of thefits.

3.2.3. NEWTON-RAPHSON FOR NONLINEA R SYSTEMS

The Newton-Raphson method was used to find the solution to the equation set.
Anagorithm from Numerical Recipesin C [31] was modified for this equation set. The
algorithm requires that the set of equations be written in theform F(x) = 0. For the
species balances thisis easily accomplished by moving everything to one side of the

equation. For the equilibrium reactionsone of the two forms shown in Equations 3.17

and 3.18 were used.
® d(c+d-a—b)
dg P -
0=(N) NoJ'6—1 - KpN)*Ne)” (3.17)
ca N; +
e1 (%]
%}i _(at+b- ¢ d)
CAN,>
0=(NG)* (No )~ K, (N,)* (Ng)* 82 (3.18)
£ 3

Thereason for using these two forms will be discussed when describing the
Jacobian matrix. The Newton-Raphson method solvesfor the array of values x, which
make the matrix functions F equal to zero as shown in Equation 3.19. Thisis done by
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first writing the matrix of functionsF as atruncated Taylor’ s series expansion as shown
in Equation 3.20.
F(x) =0 (3.19)
F(x) =0=F(x,) + F€X, )(X- X,) (3.20)
F&x,) representsthe partial derivative of each of the 21 functions esaluated at

theinitially guessed values of Nj. These partials form a Jacobian matrix J (xo).
Rearranging the expansion and substituting dk = (x-xo)givesthetypical A :x = B format
in Equation 3.21.

Jox =-F(x,) (321)
Thisequation is solved using LU decomposition. From aninitial guess of valuesfor x, a
new set of valuesx are found using Equation 3.22 which should be closer to producing
the desired result of F(x) = 0.
=X, +0X (322)

new Ol

If F(x) does not equal zero, the new values of x replace the original guesses and the
process is repeated.

An example of the Jacobian matrix used in the solution is shown in Equation 3.23.
The matrix should be diagonally dominant and must have nonzero values along the
diagonal. The equations were ordered to provide for these criteria. In some cases this
was facilitated by the order in which the function was written and thus, both of the

arrangements shown in Equations 3.17 and 3.18 above were used.
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IR
ﬂNl ﬂNz ﬂNZl
fF,

J = [IN; (3.23)

R, TR, F,,
T[Nl ﬂNz ﬂNZl

3.24. CONVERGENCE METHODS

Because equilibrium problems can be difficult to solve, additional methods were
used to make convergence more robust. To begin with, an initial guess near the correct
solution helpsto avoid asolution at alocal minimaand helps to reduce computationtime.
Olikara and Borman in Reference [28] suggested beginning with the simplified system
given by Equation 3.24.

n+m/4- I/2(

C,H,ON, + O, +3.7274N , +.0444Ar)b N, H, +N,CO +

N;O, +NyH,0+ N,;,CO, + N;;N, + N ,Ar
(3.29)

Olikara and Borman demonstrate an iterative technique for solving the seven equations
and seven unknown speciesin this reaction and then show how these results can be used
in combination with the equilibrium constants through back substitutionto obtain the
remaining unknowns.

This method works for equivalence ratios in the range of approximately 1-2. For
thiswork a guess was made at an equivalence ratio of 1.5 for all cases. The program then
steps through a series of equivalence ratios updding the initial guess at each solution

until it reaches the desired equivalence ratio. At each step the program tests the solution
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to determineif the resulting species are all positive. If they are not it changes the step
size of equivalence ratio and recalculates aresult.

Another feature implemented to improve convergence is called line searches and
backtracking. This method is used within the Newton-Raphson algorithm. A function f

is defined as:
1
f= EF F (3.25)

where F isthe set of functionsto be solved. A full Newton step does not insure a
decreasein f, but a small enough step in the same direction will decrease f. Theinitial
guessisfirst used to calculatef. A full Newton step istaken and f isrecalculated. If fis
not reduced in afull Newton step then asmaller step istaken asindicated in Equation
326.
X o = X g T 20X 0<?£1 (3.26)

Thevalueof | isdetermined by backtracking in the direction of the full Newton
step until | reducesf sufficiently. Onceavaluefor | issuccessful at reducing f, the
algorithm isready to proceed to the next iteration. This guarantees that the new solution
is closer than the old. Using this method, solutions for al of the conditions encountered

in this study were obtained.
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4.CYCLE SIMULATION DESCRIPTION

4.1.INTRODUCTION

Because the diesel combustion processis so complex, it isdifficult to avoid
complexity inthemodel. A useful model should be ableto predict all of the processes
involved in the cycle. In order to accomplish this with a reasonable model simplifying
assumptions must be made. This chapter will attempt to describe the cycle simulation
program. Thetheoretical basis for the models will be discussed and the assumptions will
be explained. An overview of the program will befirst, followed by adetailed
description of the models used to describe the engine cycle. A complete listing of the

code can be found in Appendix A.

4.2.0VERVIEW

The cycle simulation program model s the compression, combustion, and
expansion processesin the engine. During these processes the propertiesin the cylinder
are calculated each Y4 degree of crank anglerotation. The residual gastemperatureis
factored into theinitial conditions but the gas exchange processes are not modeled. The
compression and expansion processes are easily modeled. The temperature and pressure
at each step are calculated using an isentropic process. The composition of the gasses are
also determined during the expansion process. Heat transfer is accounted for throughout

the closed portion of the cycle. Thefive-zone model introduced in Section 2.5 is used to
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describe events d uring the fuel injection and combustion phase. The spray geometry used
in the model is from the correlation discussed in Chapter 3. This model outputs spray
geometry parameters such as the liquid length, the spray penetration length, and
eguivalenceratio. The flamelift-off length is also incorporated into the program. In
addition to elements of the model described previously theignition delay, lift-off length,
heat release, heat transfer, and zonal temperatures are calculated in the model aswill be

described below

4.3.DETAILED DESCRIPTION

This description will discuss the equations and individual models that make-up
the cycle simulation program. No attempt will be made to describe the mechanics of
coding the information, but rather, the description will detail the models and ideas used in
the program. Some cylinder geometry will comefirst followed by a discussion of the
compression and expansion processes. The fuel injection and combustion phase will be

described next.

4.3.1. CYLINDER GEOMETRY
Thevolume in the cylinder can be easily calculated at any crank angle using the

dider crank formulain Equation 4.1.

2

v:vc+pf (1+a-9) @1)

In this equation V. is the clearance volume, B isthe bore, | isthe connecting rod length, a

isthe crank radius, and sisgiven by

/2

s=aco® + (% - a’sin®?) (4.2)
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To calculate the heat transfer, the surface areain the cylinder is a so calculated,
using Equation 4.3.
A=A, +A, +pB(+a- s (4.3)
An isthe cylinder head area and Ap isthe piston area. These are not the same due to the

bowl shapein atypical diesel piston.

4.3.2. COMPRESSION AND EXPANSION STROKE

Defining top dead center during the gas exchange processes as 0 degrees, the
compression stroke begins at 180 degrees. The initial conditionsin the cylinder at this
time are close to the conditions in the intake. The intake temperature and pressure are
read in from an input file along with the displacement volume. Theintake air
composition is 21% oxygen, 78% nitrogen and 1% argon. The massin the cylinder is
calculated using theideal gaslaw. Theinitial enthalpy and G, are calculated using curve
fits. Subtracting Pv from the enthalpy calculates the internal energy. Thisdefinesthe
state at the start of the compression process. The model then steps through the cyclein %
crank angle increments.

Anisentropic process calculates the cylinder conditions throughout the
compression and expansion processes. For the compression stroke the composition in the
cylinder isair. During the expansion stroke the composition isair and ideal products of
combustion. The molefractions of product gasses are cal culated based on the overall
equivalenceratio. Thedifferencein composition, which is used to obtain the
thermodynamic property k = C,/C,, isthe only distinction between the compression and

€xpansion process.
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An isentropic process, shown in Equations 4.4 and 4.5, is used to calculate the

pressure and temperature at each cylinder volume as calculated from Equation 4.1.

k-1

V. 0§
Tu= Tige I g (4.4)
Vi+1 a
&V 0
Ra=REG— 49)
Vi 10
In these equations k is the specific heat ratio calculated as
CP
k= (4.6)
C,- R,

Theinternal energy at each step in the isentropic process can be calculated in two
ways. Theinternal energy at the start of compression is known from the initial
conditions. Theinternal energy at subsequent steps can be calculated for each new
temperature. Alternatively theinterna energy can be calculated by adding the PDV work
donein each step to the internal energy of the previous step. Both methods were used to
verify the energy calculation.

Woschni’s correlation, found in ref. [1] was used to calculate the heat transfer
coefficient. This correlation was used during the entire cycle— compression, fuel
injection and combustion, and expansion. The correlation is shown in Equation 4.7
where B equals the cylinder bore, and T and P are the in-cylinder temperature and

pressure. The average velocity of in -cylinder gas, w, is given by Equation 4.8.

hc = 326 B-O.z PO.ST-O.SSWO.s (47)
é - V, T u

w=¢C, S, +C,—~(P- P, )y (4.8)
é PV, a
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In equation 4.8, C1 and C> are constants. Ci isaways equal to 2.28. G isequal

to 0 during the compression stroke and equal to .00324 during combustion and

expansion. §p isthe mean piston speed and Vg is the displacement volume. T, P, and V,

are the temperature, pressure, and volume in the cylinder at areference state. The
reference state used isthe cylinder condition at the start of injection. Pisthe cylinder
pressure and Pnisthe motored pressure at the same crank angle. Pnwas calculated using
an isentropic process for the combustion and expansion processes without including
combustion effects.

The heat transfer coefficient can now be usedto calculate the total heat transfer
for each time step as shown in Equation. 4.9.

Q. =hA(T-T,)?t (4.9

Qut isthe energy removed from the cylinder due to heat transfer. Thetotal area
inthecylinder isA. T isthe average temperature in the cylinder and T4, iSthe
temperature of the cylinder surface. T, Was chosen to be 600 K based on published
data. The time for ¥ crank angle step isDt. The heat lost reduces the internd energy in
the cylinder at the end of each time step where the temperatures and pressures are
recal culated assuming an ideal gas and the calculated specific heat. The nature of this
model requiresit to be adjusted to individual engines. Thisisaccomplished by
multiplying the heat transfer coefficient by a constant to produce the proper total heat
release.

The simulation begins with a cylinder full of air at the intake temperature and
pressure but this does not account for residual gasses that are |eftin the clearance volume

from the previous cycle. In order to improve theinitial condition used, the residual mass
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and temperature are calculated at the end of the cycle and used to produce an improved
initial temperature and pressure by assuming that the residual massin the clearance
volume is mixed with the incoming mass at the intake temperature and pressure in the
displacement volume. Using the new initial condition the cycle simulation is repeated.
The process continues until thereisno change inthe initial condition.

The temperature of the residual massis calculated assuming the massin the
cylinder at the end of expansion is allowed to expand isentropically to the exhaust
pressure as described by Equation 4.10. The subscript 540 refers to the crank angle at the
end of expansion and Pex is the pressure in the exhaust manifold. Although residual gas
temperature calculations are done, the initial composition of the gasin the cylinder

remainsthat of air.

k-1

&P, 0
Trs = T54O =7 (410)

P54o %]

4.3.3. HEAT RELEASE MODEL

The fuel injection and combustion portion of the cycle is the most challenging to
model. The energy balancein the cylinder is shown in Equation 4.11. It should be noted
here that the reference state for enthalpy calculationsis 298 K. In the following
equationsh 1 = h1-hygg Which represents only the sensible enthal py.

du _ . dav . :
E: m; (hTinj - hfg )' PE' QHT +QHR (4'11)

The boundary work term can be easily calculated using ab ackward difference
integration. Pressure isknown at the beginning of every step and the volume can be

calculated at any time (i.e. crank angle) using Equation 4.1.
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The mass flow rate of fuel miscalculated using theinjection velocity, Us, given
in the spray model (Equation. 3.8), and injector parameters using Equation 4.12.

m, =C,A;;?: U, (4.12)

Inthisequation Ay isthe nozzle hole areain the injector, Caisthe area
contraction coefficient, andr tisthe fuel density. The area contraction coefficient must
be measured for agiven fuel injector and orifice to produce an accurate prediction of the
flow rate and consequently injection duration. The accuracy of the model in predicting
the spray penetration, which is subsequently used for heat release, is largely dependent
upon this area contraction coefficient. Often the published literature for an engine only
supplies the orifice diameter, and the peak injection pressureis only estimated. When
thisisthe case, uncertainty in the injection duration is high. Under well-characterized
conditions, the injection duration, injection pressure history, and contraction coefficient
are known and the problem is actually over specified. The model will be compared with
data from both well-characterized and poorly characterized injectorsto investigate the
associated error.

After the start of injection and prior to the start of combustion, the apparen t heat
released from the fuel is negative due to evaporative cooling. Thisis due to the heat of
vaporization of the fuel, hg, in Equation 4.11. Evaporation reduces the sensible internal
energy producing a dip in the apparent heat release determined from pressure
measurement just before the start of combustion that is seenin thedata. The enthalpy of
vaporization continues throughout the injection event but is not obvious after combustion

due to the large amounts of heat release from the fuel burning.
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Heat transfer from the cylinder QHT iscalculated using Equations 4.7 - 4.9 asin
the compression and expansion strokes.

Q. in Equation 4.11 is the heat release rate from combustion. The basic
principle of the heat release calculation is to assume that all of the oxygen entrained in
the jet has reacted with the fuel to produceideal stoichiometric combustion products and
unburned fuel. At any period of time during injection, the spray correlation defines the
boundary of the jet and the total mass of air entrained in thejet. The heat releaseis
therefore mixing limited and proceeds only asfast as O, is entrained with the air into the
jet. For the purposes of calculating the heat rel eased from this reaction, the products are
assumed to contain only CO2, H20, N2, and unburned fuel and they are assumed to be at
298 K. Thetota heat release at time't is calculated using Equation 4.13. Since the
reference state is 298 K this only includes the heat of formation of each species. Thisis
the heat of combustion or the lower heating value of thefuel QLnv. The heat release rate

at any crank angle can then be calculated using Equation 4.14.

QTOI,I =H prod,298 ~ Hreact,298 (4-13)

Qur = Qroyn = Qrane (4.14)
It should be noted that the heat release calculation is uncoupled from the five-
zone model and the temperaturesin the zones. An attempt was made to couple the heat
release but instability was produced in the code resulting in this simplification.
Unfortunately there are portions of the combustion process that are not limited by
the air entrainment rate, which complicated the calculation of the heat release rate. These

exceptions and the method sel ected for handling them are discussed beow.
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First, air entrained within the liquid length section of the jet cannot react with the
fuel because the mixtureis not at a combustible temperature. However, the fuel along the
outer surface does burn back to the lift-off length, which is generally u pstream of the
liquid length. Also, fuel entrained beyond the flame length or length of the jet where the
equivalenceratio is greater than 1 also cannot contribute to combustion because the fuel
isaready burned in thisregion. Second, the fuel jet inttially penetrates well beyond the
liquid length before auto ignition occurs and combustion begins. Thisignition delay time
must be determined before heat release can begin. Thisdelay in combustion would
produce alarge spike in heat release if al of the fuel were allowed to burn
instantaneously after the delay period. Therefore, asub-model for determining the burn
rate of theinitial premixed reactants was devel oped which spreads the combustion out
over the appropriate period of time.

Two factors affect ignition delay in engines, amixing time and akinetic time.
The mixing time arises from the need of the fuel to vaporize before it can ignite.
Assuming the jet develops as modeled, the time delay for mixing was determined by the
time to reach the liquid length, t;;. The kinetic delay time was calculated using an
exponential function as shown in Equation 4.15.

t, =el-C,T.) (4.15)

The constant C;ywas determined to be .012 by fitting data at the 1200-RPM, low
fuel load, normal injection timing condition in the Sandia engine. The temperature used,
Toq, iSthe temperature of vaporized fuel at the end of the liquid length or the temperature
at the boundary of the liquid length and zone 2 representing the evaporated fuel. The

method for determining this temperature is discussed later with zone 2 calculations.
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Ignition delay was set equal to the sum of the mixing delay and the kinetic delay as
shown in Equation 4.16.
ty =t, +t, (4.16)
Once ignition takes place heat release begins. Figure 4.1 showsthe jet at an

arbitrary time after ignition to illustrate the heat release calculations.

Flame ,
Length ~ Spray Penetration

loniti — Lengt
Lift-off gniien - )

\

Figure4.1. Spray Geometry used for Heat Release Calculations.

Region A isfuel rich and includes everything beyond the lift-off length up to the
flame length. Region B includes everything beyond the flame length and islean. The
total heat release at any time becomes Equation 4.17.

Qrot =Qa *Qs (4.17)

Q. and Qg are calculated using Equations 4.18 and 4.19.

a0
Qa = majrAgX;sQLHV (4.18)
Qs =MyupQiv (4.19)
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Themassof air inregion A is given by the volumein the region determined from
the spray model and the density using Equation 4.20. The densty used isthe density at
the start of injection. The mass of fuel in region B is determined using thetime
calculations from the spray model and the fuel flow rate. In Equation 4.21 tg, isthetime
to the spray penetration length and t; isthe timeto the flame length.

Mya = 2ainVa (4.20)
Meas = (ts - to )y (4.21)

Oncethe heat released is calcul ated the heat release rate can be calculated using
Equation 4.14.

After the start of combustion region A grows outward as the spray continuesto
penetrate into the cylinder until reaching the flame length. At this point region B forms.
Region A also grows toward theinjector initially until it reaches the lift-off length. The
time required between the start of injection and the start of combustion when a quasi-
steady reaction zoneis set up isthe premixed burn duration. Thereisno clear dataon
how fast the premixed burn will occur. An estimate was made using a global kinetic
reaction rate for CioHz2. Details of this can be found in Appendix B. The Appendix
shows how a premixed burn time and a shape for the rate of heat release are determined
for the premixed burn.

Region A will begin to disappear after the end of injection. The back end of the
spray is assumed to move at the same velocity as predicted by the spray penetration
model for the leading edge. Once the back end of the spray reaches the flame length all

of the heat has been released from the fuel and the model begins the expansion stroke.
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Using the description above to calculate the heat release rate, QHR , therighthand

sideof Equation 4.11 is known allowing integration to determine the internal energy “U”
at each time step (1/4 crank angle). Theinternal energy in the cylinder isused to
calculate the cylinder temperature using an iterative method. Since internal energy is
enthalpy minus PV the enthalpy curvefits are used. The cylinder pressureisthen
calculated using theideal gaslaw.

The heat rel ease produced from this model can be compared with datataken from
an engine. The goal now isto produce the 5zone model to determine temperaturesin the
zones. Since pollutant formation isvery dependent on temperature thisinformationis

useful in understanding where and how the pollutants form.

4.3.4. FIVE-ZONE MODEL

The spray geometry and the five zones seen in Figure 4.2 are calcul ated at each ¥4
crank angle after the start of injection. Information provided by the spray model
includes: the penetration length, spread angle, liquid length, and fuel air equivalence ratio
asafunction of spray length. The spray model assumes the spray evolvesin aconstant
temperature, pressure, and density environment. Thisis obviously not the case in the
engine but the only available spray correlation upon which the model was based was
developed for non-reacting (no combustion) conditions. It isone of the objectives of this
work to determine the accuracy of applying this non-reacting spray model to resultsfrom
areacting spray.

Figure 4.2 shows aquasi-steady jet where each of the 5 zones has developed. The
lift-off length is set arbitrarily in the input file and read into the code. Since the diffusion
flame surrounds the jet from the lift-off length outward there are combustion products
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entrained in zones 1 and 2. However this does not mean that zones 1 and 2 no longer
exist past thelift-off length. Thereisstill unburned fuel and entrained air in these zones

due to the rich mixture and the zones are till differentiated by the fuel being liquid or

vapor phase.

zone 4
diffusion flame 5

rich premixed
combustion

licguaicd

L lergth

I eouivilance
bulk gas ratio=1

Figure 4.2. Five zone spray model

The size and shape of the zones shown in Figure 4.2 can all be determined from
the spray model, ignition delay model, and assigned lift-off length. Using the geometry
from the spray model the volume of each zone can be determined and the mass of fuel in
each zone can be calculated from the correlation given in Equation 3.8. The density in
the cylinder is multiplied by the volume of each zone to obtain the mass of air entrained
in each zone. A description of how temperature andentha py in each zoneis calculated
isgiven in the following paragraphs.

At the start of injection zone 1 beginsto form. Zone 1 isfully formed when the

spray reachestheliquid length. After the start of combustion thelift-off length is allowed
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to move from the border between zones 2 and 3 to the position given in the input file.
This causes a shortening of the liquid length because high temperature products are
entrained that help evaporate the fuel. The composition of thiszoneisliquid fuel and
entrained air, beyond thelift-off length entrained products are also added. The
temperature in this zoneis defined to be the boiling temperature of the fuel sincethe
temperature is approximately constant during the fuel vaporization process. The enthalpy
is calculated using the boiling temperature and the fuel, air, and products composition.
Zone 2 beginsto form once the liquid length isreached. It comprisesthe rest of
the fuel jet until the start of combustion. At the start of combustion, or ignition delay
time, zone 2 begins to react and continues until % of theinitial massis consumed. Thisis
accomplished using the exponential decay function in Equation 4.22 at each crank angle

step until the minimum mass is reached.

®e-E
Myyq =My - (m2i - m2min)e(pgR A (4.22)

Here mpi+; and ny; are the new and old mass respectively within zone 2 for agiven ¥ CA
step. Mpmin isthe minimum massin zone2. E, isthe same activation energy used in the
ignition delay model and Ty isthe boiling temperature of the fuel. Oncethemassin
zone 2 reaches the minimum, the position of the division between zone 2 and zone 3
remains constant until the end of injection. This zone is made up of vaporized fuel and
entrained air. When the premixed burn begins and the flame sheath moves back to the
lift-off length products are entrained instead of air.

Consuming ¥ of the initiad massin zone 2 and leaving %2 as the minimum massis
arbitrary. Thereisno good dataindicating where or even if awell-defined boundary

exists between the premixed vapor and the products. If the zone 2/ zone 3 boundary is
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moved closer to the nozzle, the equivalence ratio and flame temperatures are such that the
equilibrium model has difficulty finding a solution also indicating that the fuel would not
readily react. Asadditional information is made available the model can beimproved in

thisarea

H fuel

Hprod

Figure 4.3. Zone 2 Ener gy Balance

The temperature variation across zone 2 can be calcul ated using an energy
balance. Figure4.3illustratesthe energy balance at a distance, x, from the nozzle. The
entire spray from the nozzle to x isthe control volume. Assuming the spray is steady to
position x and there is no heat transfer the first law reduces to H,=Hy,. Enthalpy from
thefuel, air and products of the flame sheath are entering and enthalpy is leaving at
distance x from the nozzle. Since enthalpy entering equal s enthal py exiting the energy
balance becomes Equation 4.23.

Hx = Hfue! + H ar + H prod (423)
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The absolute sensible enthalpy is evaluated using H = mCpDT and DT = T-298K with
298 K as areference temperature. Substituting into Equation 4.23 and solving for
temperature yields Equation 4.24.

— mfuel (_ hfg + Cp,fueITboiI ) + ma'r Cp,air Tair +m prod Cp,prodTprod (424)

mx Cp,x

X

Sincethefuel isinjected in liquid phase the heat of vaporization, h, must be included.
The temperature of the air in this equation is the zone 5 temperature, and Ty iSthe
adiabatic flame temperature calculated in zone 4. The mass of the unburned air and the

burned air is calculated using the density at the start of injection and the air volume

Figure4.4. Masses Used in Zone-2 Temper ature Calculations

shownin Figure 4.4. The mass of the productsisthe mass of the air and the mass of the

fuel calculated using Equation 4.25.
a0
mprod = majr,p + majr,p Céxas (425)

Txisfound at /4 mm increments throughout zone 2. The temperature at each x is

multiplied by the massin an axial cross section of the spray between steps. These are
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added up and divided by the total massin zone 2 to produce a mass averaged
temperature. Thistemperature and the overall composition are used to calcul ate the total
enthalpy in the zone.

At the start of combustion zone 3 beginsto form. While zone 2 is shrinking, zone
3 grows toward the injector as well as outward with the spray tip. After zone 2 reaches
its minimum, zone 3 continues to grow only at the spray tip as penetration continues.
This zone is made up of products of combustion.

The product composition and the temperature in this zone are determined using
the equilibrium model and an adiabatic flame calculation. This zoneis divided into slices
as shown in Figure 4.4 alowing an axial determination of the zonal temperature and
product composition. The stoichiometry of each sliceisafunction of axial position as
given by Equation 3.10 and is assumed uniform in the radial direction. The adiabatic
flame temperature must be found by an iterative approach. The enthalpy of the reactants
in each step is calculated from the stoichiometry. The temperature of astep is guessed
until theequilibrium program cal culates a matching enthalpy for the products of
combustion. This gives atemperature for each slice. The overall temperatureis
calculated as amass average and enthalpy in the zone is calculated using curvefits.

At some axial distance in the downstream direction of thejet, the correlation
predicts an average equivalence ratio of one. The distance between thisaxial location
and theinjector nozzleis called the flame length. Thisisthe axial position where the
flame will be positioned due to the stoichiometry being the most favorable for reaction.

Beyond the flame length the jet entrains air and therefore becomes more dilute of
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products decreasing the temperature. Temperatures and enthalpiesin zone 3 beyond the
flame length are calculated as discussed for the rest of zone 3 above.

Zone 4 also develops at the start of combustion. It is amassless zone representing
the diffusion flame sheath surrounding the spray. The flame envelope initially surrounds
zones 2 and 3 during theinitial premixed burn period. The flame envel ope continues
toward the injector and al so surrounds a portion of zone 1 beyond the lift-off length but
does not move all the way back to the nozzle tip. Zone 4 is characterized by the adiabatic
flame terrperature that is produced at an assumed equivalence ratio of 1 on the boundary
between the fud rich jet (zones 2 and 3) and the surrounding air (zone 5). This adiabatic
flame temperature is cal culated using the equilibrium code to determine the species, the
enthalpy curvefits, and an iterative technique that finds the temperature at which the
enthal py of the products equal s the enthal py of the reactants.

Zone 5 isthe surrounding bulk gas. Its composition isalwaysair and its massis
calculated by subtracting the mass of air entrained in the spray from the total air massin
the cylinder.

Theinterna energy in zone 5 is calculated by subtracting the internal energy in
the other three zones within the fuel jet from the total cylinder internal energy givenin
Equation 4.11. Theinterna energy in zone 5 is used to determine the temperature in
zone 5, again using an iterative method with the enthal py curvefits.

Following this method the state in the cylinder can be determined at any time
during fuel injection. The composition and temperature in each zone of the model can

also be calculated at any time.
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At the end of injection, all of the zones begin to be consumed as the combustion
process proceeds. The last parcel of fuel injected is assumed to penetrate according to the
jet correlation in the same way that the previous fuel entered. Therefore the spray model
is also used to determine the position of the back end of the fuel jet. Asthe back end of
the jet moves across zone 1 the mass in the zone decreases until the zone is consumed
when the end of the spray reaches the liquid length. Similarly, the end of the jet moves
through zone 2 and zone 3 until the massin each zone is zero.

Finally, diesel fuel injectors typically produce between four andeight fuel jets for
each injector that proceed radially outward from a centrally located injector. We assume
symmetry for the jets and their location in the cylinder and therefore model only asingle
jet and the wedge shaped section of the combustion chamb er occupied by asinglejet.
The above discussion describes cal culations done for one wedge and, consequently for
one fuel jet.

In Chapter 6 results of the model will be compared with data taken from a

constant volume combustion vessel and two diesel engines.
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5.EXPERIMENTAL SETUP

Experimental data was used to evaluate the accuracy of the model and suggest
areas for future improvement. Data from the Cummins single-cylinder research engine at
BY U was used as well as data from the optically accessible engine and constant volume
combustion vessel at Sandia National Labsin California. The experimental setup of
these apparatus and their operating conditions will be explained in this chapter. The
method for processing the datawill also be explained. The inputs to the model required

for aprediction of each set of experimental resultswill be discussed.

5.1.SANDIA BoMB

The diesel combustion bomb at Sandiais a constant volume chamber capabl e of
producing typical top-dead-center cylinder conditions for moden diesel engines. The
chamber is approximately a cube of 1.2liter volume with each side measuring 108 mm.
Each wall of the cube has a 105mm diameter opening where awindow or other device
may be located. One opening was filled with ametal plug that housed the injector.
Another was filled with a plug that contained two spark plugs and amixing fan. The
remaining openings were filled with sapphire windows having a 102 mm diameter
aperture that allowed almost compl ete optical accessto the diesel spray .

There are portsin each of the eight corners of the cube measuring 19 mm in

diameter. Three of these contain valves, two of which are for intake and one for exhaust.
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One contains athermocoupl e that provides information on the state in the chamber prior
toaninjection event. A piezoelectric crystal type pressure transducer provides a pressure
trace for the combustion event. The rest of the openings were plugged for the
experiments reported here.

The Sandiainjector isaprototype built by Detroit Diesdl. Itisacommon rail
type injector that is activated with an electronically controlled solenoid. Thetip of the
injector has one opening that injectsfuel directly into the center of the bomb. Fuel is
supplied to the injector by an accumulator that is pressurized using a high-pressure pump.
The pressureline into the injector isinstrumented with another piezoel ectric pressure
transducer to acquire injection pressures. The needleisinstrumented with aHall effect
sensor to detect needlelift giving start of injection and injection duration. Fuel injection
is also detected optically using an extinction measurement from a HeNe laser.

Control of the bomb and the acquisition of the data are handled with two PC's
that are networked together. Moredetailed information on the bomb can be found in
Reference [4]. Parameters describing the Sandia bomb and the conditions used in this
work are found in Tables 5.1 and 5.2 respectively.

In order to reach diesel operating temperatures and pressures in the constant
volume combustion vessel alean mixture of combustible gasses was burned. The spark
plugs were used to ignite this mixture. The proportions of the mixture were such that
after the reaction 21 % oxygen remained in the hot products simulating a conpression
process. The mixing fan insures a homogeneous mixture. After this simulated
compression, the injector is activated at a prescribed time to produce adiesel injection

into the chamber.
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Table 5.1. Sandiabomb parameters

Side Length 108 mm

Side Opening Diameter 105 mm

Window Diameter 102 mm

Volume 1.2 liters

Injector Nozzle Size 246, 180, 100, 71 pm
Number of Nozzles 1

Table5.2. Sandiabomb operating conditions

Run Tin (K) Pin (kPa) Pinj (MPa) Nozzle Diapm
1 1000 4247 140 246

2 1000 4247 143 180

3 1000 4247 143 100

4 1000 4247 143 71

Itisimportant to note that the constant volume combustion chamber has alonger
distance between the injector nozzle and the opposite wall thanisusually the casein a
real engine. Thejet can travel 102 mm in the combustion vessel before wall
impingement while the range of travel in the two engines also described in the chapter are
approximately 13 and 25 mm which are typical of the range found in commercially
available small and large truck diesel engines respectively. Theindependent variable
being changed in the combustion vessel experiments is the nozzle diameter. The two
larger diameter jets have significant wall impingement while the two smaller diameter
jetsreach their flame lengths before the wall isreached. The ability of the combustion
vessel to observe reacting jets without wall interaction is valuable in evaluating the model

even though it isnot realistic.
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5.2.SANDIA ENGINE

The Sandiaresearch engine is based on a Cummins N-series engine. The engines
dimensions remain largely stock and arelisted in Table 5.3. The piston has been
modified to allow optical access, as has the cylinder wall. Because of thisthe
compression ratio islower than stock. Theintakeair is heated to 426 K and pressurized
to 192 kPato provide typical diesel conditions (1000 K and a density of 16.6 kg/nT) after
compression. The cylinder head also has awindow replacing one of the exhaust valves.
Theinjector used isa Cummins CELECT unit type injector. The injector isinstrumented
for needlelift providing injection-timing data. This engineis attached to adynamometer
that is used to keep the engine at a constant speed. In order to accommodate optical
access by keeping the windows clean and to synchronize the laser with fired engine
events, the engineisonly fired once every 20 cycles. A more detailed description of this

engine can be found in Dec [2] and Siebers[4].

Table5.3. Sandiaengine parameters.

Bore 1397 m
Stroke 1524 m
Compression Ratio 10.75
Connecting Rod Length .3048 m
Piston Area .024 nf
Injector Nozzle Size 194 um
Number of Nozzles 8

Ensemble averaged pressure datawere received for thisengine at severa

operating conditions from which heat rel ease was calculated. Data are included for 1200

and 1680 RPM conditions as well asanormal and aretarded injection timing. There are
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also two fuel loads for the 1200 RPM condition, while the 1680 RPM condition only

includesthe high fuel load. The data sets are ensemble averages of 20 cycles. Table 5.4

gives the speed, load, timing, intake pressure, and intake temperature for each of the

conditions for which datawas received from Sandia.

Table 5.4. Sandia engine running conditions.

Run RPM Fuel Load Injection Pin (kPa) Tin (K)
(kg) Timing
(°BTC)
1 1200 .00007189 115 192 426
2 1200 .00007189 [0 192 426
3 1200 .000138 11.5 192 426
4 1200 .000138 0 192 426
5 1680 .000138 11 192 426
6 1680 .000138 1 192 426

5.3.BYU DIESEL ENGINE TEST CELL
The BY U engine will be described in three sections. First the engine itself and
the dynamometer will be described. Then the instrumentation and data acquisition will

be explained. Last, the experimental conditions used in thiswork will be described.

5.3.1. ENGINE AND DYNAMOMETER

The research engine at BY U isasingle-cylinder, 0.96 L, direct-injection,
turbocharged diesel modified from a Cummins B-series 6-cylinder, 5.9 L engine. Holes
were cut in five of the pistons eliminating compression and expansion for those cylinders.
Valvesfor those five cylinders were deactivated so that only asingle cylinder remained

operational. Weight was added to the five modified pistons so the engine would remain
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balanced. The injector pump was modified to provide fuel to only the operating cylinder.
The injection system is a standard common rail type system. A micrometer attached to
thefuel rail gives repeatable fuel load settings. A compressor and tank provide clean and
dried air that can be regulated to the desired intake pressure for the engine. The pressure
istypicaly elevated to simulate turbo charging. Engine and injector specifications are
included in Table 5.5. The engine is connected to a 150 horsepower motoring

dynamometer. The dynamometer can be used to power or load the engine.

Table 5.5. BY U engine parameters

Bore 102 m
Stroke 120 m
Compression Ratio 17.9
Connecting Rod Length 192 m
Piston Area .014 n?
Injector Nozzle Size 250 pm
Number of Nozzles 5

5.3.2. INSTRUMENTATION AND DATA ACQUISITION

Theair and fudl lines into the engine are instrumented to provide measured flow
rates. The airflow was measured using an Omega (Model FV-510B-D) flow meter. This
instrument reads avolume flow rate. Theintake lineisalso instrumented with a pressure
gauge and a thermocouple that are used with the volume flow rate to provide mass flow.
Theintake pressure and temperature were also measured near the engine and were
assumed to be equal to the cylinder conditions at the start of the compression process.

The fuel flow was measured using a Micro Motion (Model D6) mass flow meter that uses
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the Coriolis acceleration of the fuel asit passes through avibrating tube to determine the
mass flow. Using these two measurements for fuel and air allow the overall equivalence
ratio to be determined. A thermocouplein the exhaust was used to determine when the
engine reaches steady state and can be compared with model temperatures at the end of
the expansion process.

The cylinder head has been drilled to accommodate a pressure transducer. A
piezoelectric crystal type transducer was used (AVL Model QC32C). The pressure data
was acquiredusing a PC with LabVIEW. A 2channel encoder is attached to the crank.
One channel provides a pulse at top dead center. This pulse tells the computer when to
start taking pressure data. The other channel givesapulse every Yacrank angle. The
voltage from the pressure transducer isrecorded at each pulse. This provides 2880 data
pointsfor each cycle. The LabVIEW program has been written to process the data and
produce an ensemble average. To get areasonably smooth pressure trace, 100 cyclesare

av eraged.

5.3.3. BYU ENGINE EXPERIMENTAL CONDITIONS

Datawas taken at four different engine conditions. Overall nominal equivaence
ratios of .3 and .5 were used. The engine tests were run at 1500 and 2000 RPM for each
equivalenceratio. The fuel load and the dynamometer force were adjusted to reach these
conditions. Theintake air was held at a constant guage pressure of 103.4 kPa
(approximately 189.6 kPa absolute) for all tests. Fuel and airflow measurements were
recorded along with intake air pressures and temperatures. The exhaust temperature and

RPM were also recorded. These were used to provide inputs for the cycle simulation
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model. Theinjection timing isnot known on thisengine. Five data setsof 100 averaged

cycles were also recorded. Operating conditions for this engine are included in Table 5.6.

Table 5.6. BYU engine running conditions

Run | RPM f Pin (kPa) Tin (K)
1 1500 3 189.6 304
2 1500 5 189.6 307
3 2000 3 189.6 304
4 2000 5 189.6 306

5.4.DATA PROCESSING

The method of converting pressure data from each of the experimental facilitiesto
hesat release data will be discussed first for the constant volume combustion vessel and
then for the constant volume combustion vessel and both engines combined.

The pressure history in the constant volume combustion vessel differsfrom an
engine in that the compression processis produced not by mechanical work but through
an initial premixed burn combustion process. After theinitial combustion event, the
bomb cools by heat transfer until reaching a predetermined pressure after which the
injection event istriggered. Without fuel injection the pressure would continue to
decrease in a smooth and repeatable monotonic fashion. The pressure data provided by
Sandiaisthe difference between the vessel pressures with and without injection. This
removes some of the effects of heat transfer from the data b ut since the flameis now

hotter and radiates to the walls, heat transfer during the second or diesel combustion
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event is higher than would have existed without the second combustion event and this
additional heat transfer is not accounted for.

Sandia provided smoothed pressure data from the bomb in order to produce
smooth heat release rates. The smoothing method was dependent on the temporal
location of thedata. A cubic spline fit was used to smooth the data up to the time when
half of the pressure rise due to the premixed burn had taken place. After thispoint afilter
that incorporates afast Fourier transform was used. This method of smoothing the bomb
data attemptsto preserve the magnitude and temporal location of the premixed burn spike
at the expense of an apparently noisy heat release before the premixed burn. The latter
smoothing removes al high frequency fluctuations and would remove the premixed
spike. The smoothing technique also adds alow frequency component apparent in the
resulting heat release rates as will be shown. A more detailed discussion of method used
to process the Sandia bomb data can be found in [32].

The engine data sets were smoothed using a Fourier series expansion (Egns. 5.1-
5.4). Thisisadifferent method than was used at Sandia. 200 termswere used in the
series. The“points’ variable isthe number of data pointsin the set; 1440 for the Sandia

engine and 2880 for the BYU engine. The crank angle resolution isD?; .5 degrees for the

Sandia engine and .25 for theBY U engine.
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A rall off function was used to reduce the influence of high frequency
components by multiplying each term a, and b, in the Fourier series by avalue between 0

and 1. The power function in Equation 5.5 was used calculate the multiplier m.

8
m:]_-(i;E n 9 (5-5)
eterms g

Once the pressure was smoothed, the apparent heat release rate was cal cul ated
using Equation 5.6.

dQ_ K pgv+L vap (5.6)
aTok-1 Tk

Inthis equation the specific heat ratio k was held constant at avalue of 1.3. For the
combustion bomb the first term in Equation 5.6 is zero because, dV, the changein
volumeiszero. Further inspection shows that dQ/dt is directly proportional to dP/dt,
therefore dP/dt represents the rate of apparent heat release in the constant volume vessel
and is used for heat release comparisons.

The heat release rate at each %4 crank angle was numerically integrated to produce
atotal heat release. The apparent heat release rate (AHRR) and cumulative heat release
were plotted as afunction of time or crank angle. Log P—log V graphs were also

produced for the engine pressure data.
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5.5.MODEL RESULTS
Aninput file for the model was produced for each operating condition on the
BY U engine, the Sandia Engine, and the Sandia Bomb. Input file decisions for each data

set are discussed bel ow.

5.5.1. SANDIA BOMB

To produce results for the constant volume combustion chamber the compression
ratiowas set to 1. The bore and stroke used in the input were set equal to each other and
calculated to produce the volume of the bomb. The intake temperature and pressure, the
injection pressure, and injection duration were set equal to measured values supplied with
the data. The model requires anengine speed, which in thiscaseisonly relevant in
producing atime step. In order to make time steps in the bomb model similar to thosein
the engine, a speed of 1200 RPM was selected. The heat transfer model was initially
removed in the code since mo st of the heat transfer has been removed from the data.
Heat transfer was then added and another data set produced. In this set the heat transfer
was adjusted to produce matching peak pressures.

The mass of fuel injected was determined from the injection pressure and the
injection duration using Equation 4.13. The actual mass injected was not supplied with

thedata. Theinput datafor the SadiaBomb resultsarein Table 5.7.
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Table 5.7. Model conditions for Sandia bomb data

Case | Injdia | Pinj fue T P B&S |Rc RPM Heat
(um) [ (MPa) | (mg) | (K) (kPa)  (m) Tran

1 246 140 .0850 | 1000 [4247 115 1 1200 | 6.5

2 180 143 0295 | 1000 |4247 115 1 1200 | 3

3 100 143 0120 | 1000 |4247 115 1 1200 | .25

4 71 143 .0090 | 1000 |4247 115 1 1200 | -

5.5.2. SANDIA ENGINE

Thebore, stroke and compression ratio along with other geometry data are given
in Table5.3. The piston area, from Table 5.3, to be used in the heat transfer model was
calculated using the bow! shape and measurements givenin[2]. Theintake air
conditions were also given along with the mass of fuel injected, injection duration, and
injector nozzle geometry. The injection pressure was cal culated based on constant
pressure injection using the measured duration and measured total fuel injected. The
flame lift-off length used in the engine was 12 mm, which is reasonabl e based on
published data.

Originally, cases were run assuming a constant injection pressure, but it was also
recoghized that the injection pressure might ramp up during the injection event. This
injection rate was investigated as part of a parametric study using the model. For ramped
injections the pressure profile increased linearly beginning at 15 MPa. In order to match
injection duration data the ending pressure was the same as the constant pressure setting
for each case. The conditions used for the Sandia engine are summarized in Table 5.8.

For all cases, both engines and the combustion bomb, the integrated apparent heat
release was higher for the model than the engine. The total heat release in the model is
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Table 5.8. Model conditions for Sandia engine data

Case RPM Tin Pin SOl fuel Pinjmax | Pinjmin  Heat
(K) (kPa) (CA) (mg) (MPa) | (MPa) Tranx

1 1200 429 192 3485 |.01789 40 15 12.3
2 1200 429 192 360 01789 40 15 18

3 1200 429 192 3485 |.138 58 15 7.75
4 1200 429 192 360 .138 44 15 8.25
5 1680 429 192 349 138 58 15 6.75
6 1680 429 192 3605 |.138 59 15 10.5

equal to the energy in the fuel (mQy,) minusthe heat transfer given by Equation 4.7.
Thetotal predicted heat rel ease was alwaystoo high, suggesting that the heat transfer
model underpredicts the actual heat transfer. Thisis consistent with the expected
accuracy of the heat transfer correlation as proposed which must be “tuned” or calibrated
to each engine configuration. Themodel heat transfer was multiplied by a constant until
thetotal heat release from the model was equal to the total heat release from the engine.
The constant used for each case isincluded in Table 5.8.

The constant used in the ignition delay model (Egn. 4.11) was determined using
the 1200-RPM, low fuel load, normal injection timing condition. Using the injection
pressure ramping model the value of the constant was chosen to match the start of the
premixed burn spike. This constant was used for all cases in both engines and in the
bomb. Thisisan admittedly simplified approach to correlating the ignition delay model

to data but an improved ignition delay model is beyond the scope of thiswork.

55.3. BYU ENGINE
The geometry of the BY U engine was measured or taken from technical literature.
The area of the piston in Table 5.5 was found using a piston that was cut in half. The
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shape was plotted and the area calculated from the profile. Theintake conditions and fuel
mass injected were measured experimentally .

Theinjector nozzle was removed from the engine and the diameter was measured.
The orifice coefficients, Cyq and C,, used in the spray model presented in Chapter 3 were
not measured but were assumed to be those of asimilar injector nozzle givenin the
Sandiadata[4]. Aswith the Sandia engine the lift-off length was assumed to be 12 mm.

The start of injection and injection duration in the BY U engine are not known.
Therefore, given the fuel massinjected, the start of injection and injection pressure were
adjusted to give the best agreement with the data. These cases were run using constant
injection pressure and aramping pressure following the same procedure as the Sandia
engine. The heat transfer model was also adjusted to produce the same total heat release
as the measured data. The conditions used in the model for the BY U, single cylinder

engine areincluded in Table 5.9.

Table 5.9. Model conditions for BY U engine data

Case RPM Tin Pin SOl fuel Pinjmax | Pinjmin  Heat
(K) (kPa) (CA) (mQg) (MPa) (MPa) Tranx

1 1500 304 189.6 |3545 |.0439 30 15 325

2 1500 307 189.6 | 354 .0763 40 15 2.75

3 2000 304 189.6 | 359 .0430 55 15 325

4 2000 306 189.6 [358.75 | .0705 62 15 3.5
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Theresults of all BY U engine cases are similar to the Sandia cases and will be
compared in Chapter 6. Figuresfor all cases of both engines and the combustion bomb
can be found in Appendix C. A sample input file can be found in Appendix A with the

code listing.
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6.RESULTS

This chapter will present the results of the spray model, equilibrium model, and
cycle simulation program. In order to provide a context for the comparison of the cycle
simulation results, ageneral explanation of heat release datawill first be presented. Then
the results of the cycle simulation model will be compared to datatakeninthe
combustion bomb, Sandia engine, and BY U engine. Observations regarding similarities

and differences between the model and experimental datawill be made.

6.1.SPRAY MODEL RESULTS

Once the spray and liquid length models were comp | eted they were compared
with results from the papers from which they were taken [25], [27] in order to
demonstrate they had been coded correctly. Dimensionless spray penetration (S) and

equivalenceratio (f) are plotted as afunction of dimensionlesstime (t ) on logarithmic

scalesin Figure 6.1. In thisfigure the model using the correlation developed in [25] is
plotted. Comparing Figure 6.1 with Figure C.2 of Naber and Siebers [25] shows that the
spray model and equivalence ratio are being calculated correctly.

Calculated liquid lengths were also compared with experimental data for diesel fuel and
heptamethylnonane as reported by Higgins et al [27]. The liquid length was cal culated
for densities of 7.3, 14.8, and 30.0 kg/nT and at temperatures between 700 and 1300 K.

The results are shown in Figures 6.2 and 6.3 where the solid lines represent the model
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results and the symbols are data taken from the published literature [27]. The results
show very good agreement especially in the temperature ranges (» 1000 K) and densities

(»15 kg/n?) typical of diesel engines.

100

0.1 1 10 100 1000

Figure6.1. Dimensionless Spray Model Results

Calculated liquid lengths were also compared with experimental data for diesel
fuel and heptamethylnonane as reported by Higgins et a [27]. Theliquid length was
calculated for densities of 7.3, 14.8, and 30.0 kg/nT and at temperatures between 700 and
1300 K. The results are shown in Figures 6.2 and 6.3 where the solid linesrepresent the
model results and the symbols are data taken from the published literature [27]. The
results show very good agreement especialy in the temperature ranges (»>1000 K) and

densities (»15 kg/n?) typical of diesel engines.
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Figure6.3. Liquid Length Resultsfor Diesel Fuel
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6.2.EQUILIBRIUM MODEL RESULTS

The NASA -L ewis code was used as a benchmark to demonstrate the accuracy of
the equilibrium code written for this program. Both codes were executed over a series of
temperatures between 1500 and 3500 K at an equivalenceratio of 1. They were also run
over arange of equivalence ratios between .5 and 5 at atemperature of 2500 K. The
pressure for all cases was 100 atmospheres.

The results for mole fractions of major species as function of the temperature at a

constant equivalance ratio (f = 1) are shown in Figures 6.4-6.6. The mole fractions of

CO;, and H,0 are in very good agreement over the entire temperature range. The

agreement for CO, H,, and O, are also very good above 1900 K but thereis significant

deviation below 1900 K I(see Figures 6.5, 6.6). Thisdiscrepancy isaresult of the /{

Comment: Why look at Figs4.2 and
4.3?

numerical method used in the solution and can be minimized in two ways. First, by
increasing the number of iterations allowed in the solution. Thisallowsthe solution to
come closer to convergence. Second, by decreasing the size of the equivalenceratio step.
The equilibrium program always starts by finding a solution at an equivalenceratio of 1.5
and then stepsto the desired equivalence ratio. The solution at an equivalenceratio of 1
is very sensitive at low temperatures. Stepping down in smaller increments of
equivalenceratio provides a better guess value for the final solution. Both methods were
used and accurate solutions were obtained. However computational time increased

dramatically. Since adiabatic flame tempreratures will be higher than 1900 K when the

equivalenceratiois 1, increased number of iterations and smaller step size were not used
to decrease computational time. The results shown were produced with the code asis

appearsin Appendix A

Comment: Weneedtotalk aboutthis.
It wasmy impression that the solution
simply isnot correct at these low
temperatures because carbon is not
included as one of the products and
perhaps other hudrocarbons are also
important at |ow temperaturesthat are not
included. Isthistrue? | have suggested
an aternative explanationinthe
paragraph | wrotebut you need tolet me
know if | am correct.
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Figure 6.5. Temperature vs. CO and H, Mole Fractions
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Figure 6.6. Temperaturevs. O, Mole Fraction

Species mole fractions as a function of equivalenceratio are shown in Figures 6.7,
- 6.9. In these figures, the temperature of the productsis held constant at 2500 K. For the
equivalenceratio tests the molefractions of O,, H,O, and CO, are accurate across the
whole range (see Figure 6.7). The mole fractions of the rest of t he species are accurate
up to an equivalence ratio of about 3.5. In Figure 6.8 the mole fractions of CO and H;
provided by the equilibrium code begin to deviate from NASA -L ewis above an
equivalenceratio of 3.5. The CO isover predicted while the H2 isunder predicted. The
source of this discrepancy can be seen in Figure 6.9. NASA -Lewis predicts significant
amounts of solid carbon above an equivalence ratio of 3.5. The equilibrium code
presented here compensates by sending the excess carbon to other carbon containing
species such as CO, HCN, and C,H,. Because many of these species also contain
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hydrogen, Hzisreduced. The data show that the equilibrium code uses an adequate
number of speciesin the temperature range between 1900 and 2500 K and in arange of
equivalence ratios between 0.5 and 3.5. Thisis adequate to describe most diesel

combustion applications.

0.12 \
—HCN BYU
0.1 {|® HCNN-L N
—C2H2 BYU R
0.08 { | * C2H2 N-L
A C(s)N-L
> 0.06
0.04 -
0.02
0 T ] &
0.5 15

Figure 6.9. Equivalence Ratio vs. HCN, CoHp, and C(s) Mole Fractions

One of the primary purposes of the equilibrium code isto calculate the adiabatic
flame temperature. The effects of leaving out solid carbon and using areduced set of
speciesin the equilibrium code have been investigated. The equilibrium code was used
to calculate flame temperatures in the same range of equivalence ratios as above and
compared with flame temperature results from NASA -Lewis. Theresults are shown in

Figure 6.10.
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Figure6.10. Adiabatic Flame Temperature vs. Equivalence Ratio

Temperature agreement betweenf of .5-1.5isexcellent. Above f=1.5the model
beginsto over predict the temperature but follows the same trend. The greatest
difference in temperature throughout the range of equivalence ratios shown is 3.4%.
These results demonstrate that the equilibrium code produced for this simulation program
can predict temperature with 3.4% over the range of conditions needed in adiesel
combustion application. Thus, the equilibrium code produced has succeeded at providing
asimplified and less computationally intensive equilibrium calculation that is flexible for

usein engine simulation programs.
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6.3.HEAT RELEASE DATA

Thefeatures of diesel engine heat release must be understood in order to compare
real datato modeled results. Figure 6.11 shows atypical Apparent Heat Release Rate
(AHRR) plot for the Sandiaengine. This plot comes from applying Equation 5.6 to the
smoothed pressure data. The start of injection (SOI) inthis case occurs at 348.5°, after
which thereisan ignition delay period before the fuel startsto burn. During thistimethe
heat rel ease appears to be negative due to fuel evaporation and heat transfer from the
cylinder gasto the cylinder walls. The heat release may also appear negativein this
period due to the method selected for smoothing the pressure data. There are a number of
waysin whichignition delay has been defined and determined in the literature. In Figure

6.10 it is defined as the time between SOI and when the heat rel ease rate becomes

0.25

0.2 1

0.15 1 Burn
«—— Diffusion Burn

©
[EEN
1

0.05 -1

AHRR (kJ/CA)

-0.05 . . .
340 350 360 370 380

t (CA)

Figure6.11. Typical Heat Release
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positive. It can also be defined as the time when the slope of the heat rel ease goes
positive. The choice is somewhat arbitrary and, as will be shown later, changes
depending on the smoothing technique used.

Theignition delay isfollowed by a premixed burn spike in which the vaporized
fuel that has mixed with air to within combustible limits burnsrapidly. A second peak
characterizing the diffusion burn follows the premixed burn. The peak of the diffusion
burn roughly corresponds with the end of injection (EOI) when the fuel jet islargest,
which inthiscaseisat 360°. After EQI, the rate of apparent heat release decreases asthe
fuel jet or pockets of remaining fuel are consumed.

Smoothing the pressure data has a significant effect on the shape of the heat

release. Thisisaresult of the pressure derivative in Equation 5.6. Figure 6.12 showsa
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Figure 6.12. Raw and Smoothed Cylinder Pressure Data
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raw andsmoothed pressure data set from the BY U engine. The raw data oscillates during
the combustion event. The result of heat release calculations on the raw data produces
the meaningless plot in Figure 6.13.

Filtering the pressure datais necessary to remove the oscillations that produce
theseresults. It should be understood that filtering also smoothes out some of the details
of the combustion process. Depending on the filter used, the smoothed heat release can
be drastically different. Figure 6.14 showsAHRR results using the Fourier filter

described in Chapter 5 changing the number of termsin the series from 100 to 300.
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Figure 6.13. Apparent Heat Release from Unfiltered Pressure Data

Using 100 terms the premixed burn spike does not show up at al. The premixed
burn can be seen in both the 200 and 300 term cases. Using more terms produces more

oscillation and approaches the raw data. As noted earlier 200 terms were used when
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smoothing the datain thiswork. This seemed to give the best compromise between detail
and removing oscillation.

Ascan be seen, the details of heat release are uncertain because of noisein the
pressure data and the need for smoothing. Ignition timing appears to change based on the
filter used, as does the shape of the premixed and diffusion burns. Attemptsto compare
heat release from the engines with results from the model must therefore be made with
the uncertainty of the measured datain mind.

Work isbeing doneto better understand and analyze pressure data. The datafrom
the bomb was smoothed using more sophisticated methods developed at Sandia[32].

These methods seek to retain as much information about the premixed spike as possible

75



by employing different snoothing methods before and after the spike as discussed in
Chapter 5.

Asaresult of work done at Sandia[32] it has been shown that the premixed burn
isin reality much shorter and the spike is much higher than is normally shown by the
methods used to piocesses data as shown in Figure 6.11. For years, modelers have been
attempting and succeeding in producing premixed burn duration similar to that of Figure
6.11, but Siebers showed that the two factors present in taking the data but not present in
the model produce the inaccurate width and height for the premixed burn. First, inan
engine there are normally between four and eight fuel jets and each jet ignitesat a
different time. Thus, the pressurerise of asinglejet is smeared by the pressure rise from
multiplejetsigniting. Thissmearing isexacerbated by the fact that the distance from
each jet to the pressure transducer is different and therefore the time when the transducer
records the pressure rise relative to the timing of ignition is different for each jet.
Second, the smoothing routine broadens and lowers any premixed spike. Since models
normally predict only the behavior of asinglejet and they do not contain noise or include
wave dynamicswithin the cylinder, they should predict narrower and higher premixed
burn spikes than are seen smoothed pressure data from multiple nozzle injectorsin real
engines.

Thetotal heat release obtained by numerically integrating the AHRR isshown in
Figure 6.15 for one of the BY U engine cases. The integrated heat rel ease showsthe
amount of energy released up to any point in the combustion process and reachesiits peak
at approximately 390° for this case. In the absence of heat transfer, the integrated heat

release should equal the total fuel energy releasal during combustion in the engine of
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Figure 6.15. Integrated Heat Release

m Qnhy, Which is 1.93 kJfor this case. The difference between the total fuel energy
released and the integrated apparent heat release rate, or heat transfer from the engine, is

about 32%, which istypical for an engine.

6.4.SANDIA BOMB COMPARISON

The pressure rise results will first be compared followed by the apparent heat
release comparison. The pressureriseis given as P-Py where Pisthe pressurein the
chamber and P, isthe pressure without injection and combustion as discussed in Chapter
5. It should be noted that since the AHRR in this case is represented by dP/dt, the

pressure rise represents the integrated heat release.
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The pressure increase from SOI for each of the four combustion bomb cases can
be seen in Figures 6.16-6.19. The shape of the pressure curve is similar for model and
data but there are notabl e differences. The modeled pressure beginsto rise earlier than the
experimental datafor all cases. The abrupt increase in the bomb pressure data at the start
of combustion results from the premixed burn being more rapid in the experiments than
in the model results. The rate of pressure rise for the 246-um and 180-um nozzlesis over
predicted while the 100-um and 71-pum nozzles are reasonably close. The predicted total
pressure for the 246-pum and 180-um nozzles was also higher than the measurement. The
100-um and 71-um nozzles are once again reasonably close though the 100-um is also

higher than the data.
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Figure 6.16. Sandia Bomb Pressure Rise Using the 246-um Nozzle.
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Figure 6.17. Sandia Bomb Pressure Rise Using the 180-um Nozzle.
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Figure 6.18. Sandia Bomb Pressure Rise Using the 100-um Nozzle.
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Figure 6.19. Sandia Bomb Pressure Rise Using the 71 um Nozzle.

There are several possible reasons for the discrepancies. First the fuel mass
injected is unknown in the combustion bomb experiments and the cal culated value has
more uncertainty. The calculated fuel injected was determined using Equations 4.13 and
3.8 which are repeated below. Uncertaintyin any of the nozzle parameters or the

injection pressure produce uncertainty in the calculated fuel injected..

m=C,A,, % U, (4.13)

U, =C, |2 R - Py (38)

A second reason for the differences may be caused by heat transfer effects, which

have not been included in the model for the bomb cases. One compelling argument for
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this explanation is that heat transfer would be expected to decrease with decreasing
nozzlesize. Thisisbecause radiating soot isthe dominant mode of heat transfer and as
the nozzle becomes smaller, the flame actually transitions from heavily sooting to soot
free. Assuming heat transfer to be the cause of the discrepancy, cases were run for all
nozzles, (except the 71-um which already matched the total heat release) as shown in
Figures 6.20 — 6.22. Heat transfer was increased in each case until the peak pressuresin
the model matched the data. The multiplier used in the heat transfer model isincluded in
Table 5.7. These Figures eliminate potential differencesin heat transfer or fuel injected,
and show that in spite of these potential differencesinthe model and data, the model till
over predictstherate at which the fuel is burned. In each case, the peak pressureis

reached in the model beforeit isreached in the data.

P-Po (MPa)

— Bomb
Model

-1 0 1 2 3 4 5 6 7 8 9 10
t(ms)

Figure 6.20. Sandia Bomb Pressure Rise Using the 246 -um Nozzle
with Extra Heat Transfer.
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Figure 6.21. Sandia Bomb Pressure Rise Using the 180-um Nozzle
with Extra Heat Transfer.

It isinteresting to notethat the slope of pressure rise over the later three fourths of
the combustion processis similar for the model and the experiment in each case but it is
thefirst quarter of combustion that differs. The period immediately following the
premixed burn isnot alinear increasein the actual databut islinear inthe model. This
difference can be explored more easily using the rate of pressurerise or AHRR resullts.

Results for heat release rate are shown in Figures 6.23-6.26 for the cases with heat
transfer added to match peak pressures except for the 71-um, which compared well
without heat transfer. The model heat rel ease results produce the expected features of
diesel combustion. Inall of the heat release plots, thereis adelay before any fuel is

burned followed by a short premixed burn spike. The heat release then increases almost
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Figure 6.22. Sandia Bomb Pressure Rise Using the 100-um Nozzle
with Extra Heat Transfer.

linearly until reaching a maximum. If the amount of injected fuel islarge enough, the
heat release reaches a plateau and remainsfairly constant until the end of injection. At
the end of injection the heat release then drops off to the end of combustion.

These features can be explained by recalling the physical processes occurring
during combustion. After ignition the burning fuel jet penetrates into the chamber and
increasesin size. Therate of air entrainment increases proportional to the surface area
growth of the jet increasing the rate of heat release  Thisincrease in entrainment rate
continues until the jet reaches the flame length or the point where the leading edge of the
jet is stoichiometric. Beyond this flame length the fuel in the jet is completely burned

therefore additional air entrainmentno longer increases the heat release rate. The heat
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release rate then remains approximately constant until the end of injection. Thisisclearly
seen in both modeled and measured datain Figures 6.23, 6.25, and 6.26. In Figure 6.24
the measured data shows the linear increase in the heat release rate but no plateau. This
is because the injection duration was short enough that the flame length had not been
reached or had just been reached by the end of injection. It should be noted that the
oscillations gopearing in the data are most likely due to the filtering process and may not
bereal. When fuel injection ends the remainder of the fuel in the chamber burns out until
the all of the heat has been released.

While the basic features are identifiable in the model there are quantitative
differences between the model and the data. The start of combustion occursto early in
the model accompanied by a premixed burn that istoo long. Thisisseenin all the
combustion bomb modeling and is consistent with the early and slower initial pressure
rise as seen earlier in the pressure data.

Therisein the heat release rate just after the premixed spike is different in the
model resultsthan inthedata. Thisriseis more rapid in the model and in the case of the
two smaller injector nozzles, the flame length or steady state apparent heat rel ease rate
has already been reached at the end of the premixed burn period. The magnitude of the
apparent heat release rate at the end of the premixed burn as shown in the figures can be
altered by the selection of thefiltering routine. The magnitude and slope of the apparent
heat release rate predicted by the model are also affected by the quantitative inaccuracies
in theignition delay and premixed burn sub models. Perhaps thebest way to compare the
mode! and measured dataisto look at the time between the SOI and the time to reach the

flame length or steady state of apparent heat release. In each case the model reaches the
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flame length before the data, indicating that the model over predicts the rate of air
entrainment.

The peak level of heat rel ease agrees reasonably well between the model and the
data. Thissuggeststhat although the model predicts more rapid air entrainment, the
flame length and the amount of air entrained prior to the flame length are reasonably
accurately predicted.

At the end of injection the model predicts a burnout that is more rapid than the

data. Thisisalso consistent with the air entrainment rate being over-predicted in the

model.
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Figure6.23. Sandia Bomb Heat Release Using the 246-um Nozzle
with Extra Heat Transfer.
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Figure 6.24. Sandia Bomb Heat Release Using the 180-um Nozzle
with Extra Heat Transfer.
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Figure 6.25. Sandia Bomb Heat Release Using the 100-um Nozzle

with Extra Heat Transfer.
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Figure 6.26. Sandia Bomb Heat Release Using the 71-um Nozzle.

The use of the combustion bomb data allows a unique analysis of the model

because in the case of jets coming from the two smaller orifices, the flame length was

reached before the jet could reach the wall. In the case of the two larger orifices, the jet

ran into the wall before reaching the flame length. It isinteresting to note that the data

from the 246-nmm orifice jet (Figure 6.23) shows the rate of heat release to remain

relatively constant even though the jet has reached the wall before the flame length is

reached (before 1.7 ms). This suggests that wall effects, which are assumed to be

negligible in the model, may actually cause little change to the rate of heat release.

This combustion bomb data does however clearly suggest that the penetration rate

of the jet istoo rapid in the model. The penetration model is based on a non-reacting,

non-vaporizing spray and therefore, poor prediction of reacting and vaporizing sprays
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might be expected. In areacting and vaporizing spray, the density of the jet is decreased
relative to a non-reacting spray. Studies of gasjet penetration suggest that lower gas
density will decrease jet penetration. The over prediction of penetration leads to an over
prediction of entrainment rate and heat release. Similar results will be seenin the engine
datawhich follows but in the engine data, all jets have significant wall i mpingement
before reaching the flame length, therefore, the bomb data presented aboveisthe only

evidence that the higher heat rel ease rates are not caused by wall interactions.

6.5.SANDIA ENGINE COMPARISON

Thefirst set of data presented isthe 1200-RPM, low fuel load, normal injection
timing data set. Heat release results are graphed for constant injection pressure, ramping
injection pressure, constant injection pressure with added heat transfer, and ramping
injection pressure with added heat transfer in Figures 6.27-6.30 respectively. It should be
noted that the constant used in the ignition delay model is derived from the datain Figure
6.28, and therefore the ignition delay in that figure matches by matter of definition.

The basic features of the engine heat release are present in the model. Injection
begins at 348.5 CA and apparent heat release dropsinitially due to evaporating fuel. The
sudden rise and first peak in the model apparent heat rel ease are aresult of theinitial
premixed burn where evaporated fuel in zone 2 is burned. This period ends at
approximately 354 CA after which combustion limited by air entrainment into the jet
begins. Since the jet has already penetrated a fixed distance into the chamber, this burn
rate does not start at zero and increases as the jet grows larger. The second peak occurs
when fuel injection ends. At this point, the jet and therate of air entrained into thejetisa

maximum and afterwards decreases. An inflection point isvisiblein the decreasing
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apparent heat release at approximately 372 CA. At thispoint, thejet has reached the
flame length and therefore additional air entrainment no longer contributes to combustion
in the portion of the jet beyond the flame length. The apparent heat rel ease decreases
more rapidly after this point isreached. These same features (premixed burn peak,
mixing limited peak or end of injection, and flame length inflection point) can be seenin
all of the engine modeling resuilts.

Comparing the modeling resultsto the engine data, the constant injection pressure
results (Fig. 6.27) produce an early ignition similar to the results seen in the bomb data.
The heat release following the premixed spikeis higher in the model. In the engine
injection ends before the j et reaches the flame length and the heat release never reachesa
steady value. At the end of injection the model AHRR initially dropsfaster than the
enginedata. Aswith the bomb data, these differences appear to be produced by the faster
air entrainment of the model. The inflection point produced by the model at 372 crank
angle degrees, when the flame length is reached, is not seen in the engine data. After
studying numerous AHRR profiles, it can be seen that engines often produce an inflection
point inthe heat release near the end of combustion but opposite of the modeling resuilts,
the decrease of heat release normally slows at the inflection point producing what is often
referredto asa“tail” to the AHRR rather than the decreasein AHRR shown by the
model. This suggest that the physical processes near the end of combustion are not well
characterized by the model which is not surprising because late in the combustion
process, the assumed conical shape of the jet has been completely changed by fluid

motion within the chamber.
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Figure 6.27 Sandia Engine Heat Release Comparison, 1200 RPM, Low Fuel Load,
Normal Timing, Constant Injection Pressure.

Ramping the injection pressure in the model improves agreement with the
measurement during the early part of heat release as shown in Figure 6.28. Ramping the
injection pressure produces a slower start to the injection processes, reducing the initial
spray penetration and air entrainment. Thereis alonger time (more crank angles) from
the start of injection until the vapor phaseis formed and less vapor in the premixed burn
region (zone 2) when ignition begins. Thisincreases the ignition delay period and
decreases the peak of the premixed burn to better match the data. Experimental datafrom
the Sandia Cummins engine shows that the injection pressure actual doesincrease
linearly from approximately 60 MPa at the start of injection to 100 MPa and the end

injection justifying this modeling approach. The jet penetration correlation presented in
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Equation 3.1 was developed with an injector that had a“top hat” or flat pressure profile
throughout injection. The resultsin this figure and the results from the combustion bomb
data presented above both suggest that the jet penetration correlation overpredicts the
penetration rate of the fuel.

It should be noted that the exact agreement for the start of combustion between
the model and the datain this caseis caused by the fact that this was the data set used to
determine the activation energy constant in the ignition delay model. This operating
condition was sel ected because the good agreement in the magnitude of the peak of the

premixed burn fraction (the first peak of the apparent heat release rate). This suggests
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Figure 6.28. Sandia Engine Heat Release Comparison, 1200 RPM, Low Fuel Load,
Normal Timing, Ramping Injection Pressure.
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that for the ignition delay selected, the correct amount of fuel has been evaporated and
burnsduring theinitial premixed burn period.

I'n both the constant pressure and ramping injection pressure cases, the total heat
release is almost double in the model compared to the engine data. Since the model
produces the same total heat release asthe energy in the fuel, the discrepancy must be the
result of heat transfer, blow-by, or incorrect compression ratio. Usually, heat transfer is
25— 35 % of thetotal heat release. Sincethisisan optical enginethat is skip fired
(therefore the wall are cooler), the heat transfer and blow-by may be greater than is
normal. One option commonly used for eliminating the effects of heat transfer to allow a
comparison of the model and engine combustion is to increase the heat transfer in the
model until the peak heat release in the model and data match. The heat transfer
coefficient was multiplied until the total heat release from the model matched the total
from the engine data. Results for both the constant pressure and ramping pressure cases
are shown in Figures 6.29 and 6.30.

The basic shape of the AHRR isunchanged by increased heat transfer even
though heat transfer is not constant. With increased heat transfer the AHRR is decreased
a al crank angles and produces a better match to the engine data. 1t is still clear
however, particularly in the constant pressure injection case that the AHRR occurs earlier
in the model indicating that the jet penetration and air entrainment are over-predicted
causing the heat release to occur too early. Aswith the no heat transfer results, the

ramped pressure improved the model prediction.
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Figure6.29. Sanda Engine Heat Release Comparison, 1200 RPM, Low Fuel Load,
Normal Timing, Constant Injection Pressure, Extra Heat Transfer.
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Figure 6.30. Sandia Engine Heat Release Comparison, 1200 RPM, Low Fuel Load,
Normal Timing, Ramping I njection Pressure, Extra Heat Transfer.
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Figure 6.31 shows alnP-InV plot for the ramping injection pressure casein
comparison to the measured data. In this case no difference can be seen between the data
and the experiments, as most of the detail of the combustion processislostin showing
only the pressure and in using alog scale. Because of this only the heat release results
will be used for the remainder of the comparisons. The figure does show however, that if
the details of the combustion process are not important, the model does and excellent job
of reproducing the basic features of the diesel cycle.

The model was al so tested using different fuel 1oads, engine speeds, and timings.
The fuel load for the case seen in Figure 6.30 was raised while all other parameters
remained constant and the results are shown in Figure 6.32. The model uses a ramping

injection pressure and heat transfer isincreased. Theignition delay and premixed burn
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Figure 6.31. Sandia Engine Pressure Comparison, 1200 RPM, Low Fuel Load,
Normal Timing, Ramping I njection Pressure, Extra Heat Transfer.
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are amost identical to the low fuel load case seen in Figure 6.30. The diffusion burn
begins similarly but continues to increase until the end of injection. The heat releaserate
then dropsrapidly. Thisisdueto greater jet penetration and air entrainment rate of the
model compared with the actual spray. Although the peak heat releaserateis
overpredicted the diffusion burn duration isincreased in the model, asisthe caseinthe
engine.

Figure 6.33 illustrates the results of increasing the engine speed. Theignition
delay timing from the model is still reasonable. The modeled premixed burn spikeis
underpredicted and to short in duration. This could result from the model itself or the

injection pressure ramping. If the injection pressure ramping starts too low there will not
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Figure 6.32. Sandia Engine Heat Release Comparison, 1200 RPM, High Fuel L oad,
Normal Timing, Ramping Injection Pressure, Extra Heat Transfer.
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Figure 6.33. Sandia Engine Heat Release Comparison, 1680 RPM, High Fuel L oad,
Normal Timing, Ramping I njection Pressure, Extra Heat Transfer.

be enough fuel in the premixed burn. The diffusion burnis similar to the cases discussed
earlier.

Thefinal case for the Sandia engin e, seen in Figure 6.34, uses retarded injection
timing. Here again the modeled ignition delay is accurate and as with the normal timing
case at this speed the premixed burn isto small and the premixed duration is short
compared with the data. In this case the modeled diffusion burn is much greater in
magnitude and much shorter than the data shows. The model results for the retarded
timing are similar to the normal timing resultsin shape and timing. In the engine the fuel

burns slower at retarded timin g because of cooler in cylinder temperatures as the piston
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Figure 6.34. Sandia Engine Heat Release Comparison, 1680 RPM, High Fuel L oad,
Retarded Timing, Ramping Injection Pressure, Extra Heat Transfer.

moves down and the cylinder volumeincreases. The model does not duplicate this

accurately.

6.6.BY U ENGINE COMPARISON

The results of the model for the BY U engine are generally less accurate. Figures
6.35 and 6.36 show results of the 1500 RPM low fuel load and the 2000-RPM high fuel
load cases respectivdy. Aswith the Sandia engine cases the model results include
ramping injection pressures and adjusted heat transfer.

The model ignition delay in these caseswastoo long. Because of this, the

premixed burn was very fast and too large. The diffusion burn results are similar to the
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results from the Sandiaengine. The trends when the speed and fuel load are changed are
the same as with the Sandia engine.

Part of the difficulty of producing accurate model results for thisengineisalack
of engineinformation. The injection timing and injection duration are unknown on this
engine. The nozzle diameter was measured but the coefficients C,, Cy, and C, are
estimated using values for asimilar nozzle taken from the literature. These examples

show the lossin accuracy that can occur when lessinformation is known about the

engine.
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Figure 6.35. BYU Engine Heat Release Comparison, 1500 RPM, f =.3,
Ramping I njection Pressure, Extra Heat Transfer.
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Figure 6.36. BYU Engine Heat Release Comparison, 2000 RPM, f =.5,
Ramping I njection Pressure, Extra Heat Transfer.

6.7.ZONAL TEMPERATURES

The temperatures in each of the five zones are shown in Figure 6.37 for the
Sandia engine 1200 RPM, low fuel load, normal timing case. The average temperature in
the cylinder isalso included. Thereisno data available to compare these temperatures

with, except for flame temperatures (measured at approximately 2500 K), which should
compare with the temperature of zone 4. Zone 4 temperatures produced by the model are
overpredicted beginning at 2750 K and increasing to 2834 K at 360 crank angle degrees
and reducing to 2650 at the end of combustion. Adiabatic flame temperature calculations

overpredict temperatures due to the lack of heat transfer effects. The flame temperature
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risesto 2834 K and fallsto 2650 K following the temperature in the surrounding bulk gas
(Zone 5), which is used to calculate the enthal py of the reactants.

The zonal temperatures are important in pollutant formation, specifically NOx and
soot. The temperatures inside the spray (Zone 3) are important in the soot formation
process. Thetemperature of the flame sheath surrounding the spray (Zone 4) isimportant
in NO, formation. While the heat rel ease rate may not be completely accurate at this
point, the temperatures of these zones should be very representative of those existing in
the engine. Given the lack of experimental data, these temperatures become our best

estimate of conditionsin critical regions responsible for soot and NOx formation.
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Figure 6.37. Zonal Temperaturesvs. Crank Position
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7.SUMMARY AND CONCLUSIONS

7.1.SUMMARY

A diesel cycle simulation code has been developed using C language. The code
predicts the closed portion of the cycle including the compression, fuel injection auto-
ignition, combustion and expansion processes. The model describes the temperature and
pressure during compression and expansion using an isentropic process. The
composition is also modeled using air and adding ideal combustion products during
expansion.

There were two primary objectives of the model. Thefirst wasto apply the
conceptual ideas of Dec [2] to acomputer simulation. This conceptual model is based on
recently reported optical diesel combustion measurements. This allowed the creation of
five zones to model the quasi-steady burning diesel jet: 1) Liquid phase fuel 2) Vapor
phase fuel 3) Rich products 4) Diffusion flame 5) Surrounding bulk gas. These five
zones are of equal pressure but differing temperature and describe one burning fuel jetin
the engine. The second objective was to investigate the use of anew mixing limited
model for diesel combustion using arecently published spray penetration model. This
spray model providesinformation on spray penetration and air entrainment to be used in
defining the zones sizes and temperatures. Simplified ignition delay and premixed burn

duration models were developed to compl ete the model.
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To determine the temperature and composition of the rich products and the
diffusion flame, an equilibrium code was developed. The equilibrium model uses a set of
21 gasseous speci es but does not include solid carbon due to added complexity though it
occurs in significant amounts under certain conditions.

Theresults of the equilibrium code were compared with results from the NASA -
Lewiscode. The results matched over wide ranges of temperature and equivalence ratios
common to diesel engines. There were discrepanciesin two areas. At an equivalence
ratio of 1 and temperatures below 1900K the equilibrium code solution did not converge
to the NASA -Lewis solution due to the numerical method used. Thisdoes not affect the
cycle simulation due to adiabatic flame temperatures of about 2700 K at an equivalence
ratio of 1. Because the equilibrium code omits solid carbon as a possible product species
the solution did not match the NASA -Lewis at equivalence ratios above 3.5.
Nevertheless, the temperature of combustion products was predicted to within 3.5% over
alarge range of equivalenceratios(.5 —5).

The combustion model produced the typical features of adiesel combustion event
including anignition delay period, a premixed burn spike, and adiffusion burn. The
apparent heat release rate (AHRR) produced by the model was compared with datafrom
aconstant volume combustion vessel and real engines. Realizing that the shape of the
AHRR from the data is altered when the data is averaged and smoothed complicates the
comparison. The changesinignition delay timing and the premixed burn when changing
engine operating conditions followed the expected trends but were not predictive.
Greater differences were seen when engine data such asinjection timing and duration,

and injector constants were unknown and had to be approximated. The shape of the

102



diffusion burn was similar for the combustion bomb cases although the heat release rose
more rapidly for the model, reached its peak early and decreased faster after the end of
injection. The shape of the heat release for the engine cases was significantly different
than the data. For these cases the heat release also rose too rapidly and the peak was
greater than the data. After the end of injection in the engines the heat rel ease decreases
in two phases. The first occurs between the end of injection and when the tip of the jet
reaches the flame length. The second begins at the end of the first and ends when the last
of the fuel injected reaches the flame length ending combustion. These two periods are
not clearly identifiable in engine data.

The model also provides temperaturesin each of the zones. Theliquid fuel zone
temperature is defined as the boiling temperature of the fuel, which istypically near 550
K. Oncethefuel isvaporized the temperature rises until it ignites. The average
tempeature in the vapor fuel zoneis approximately 700 K. At the start of combustion
the average temperature of the rich premixed products is approximately 1600 K and
increases to about 2600 K at the end of combustion when the equivalenceratio is near 1.
The diffusion flame sheath begins at an adiabatic flame temperature of approximately
2700 K, peaks just over 2800 K, and reduces to approximately the temperature of the
premixed products zone at the end of combustion. This adiabatic flame follows the
temperature of the surrounding gas asit is heated from combustion and cools due to
expansion of the cylinder. These temperatures are important in the formation of

pollutants such as soot and NOx.
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7.2.CONCLUSIONS

The new diesel combustion model produced for thiswork provides aframework
for amore accurate zero-dimensional model by providing physical zones within the
model that correspond to real structures within adiesel engine. The approach of
modeling diesel combustion through a mixing limited jet and determining the mixing
limit through an empirical correlation of jet penetration shows promise but also exhibits
some obvious shortcomings.

As discussed above the modeled heat release increases more rapidly and reaches
its peak earlier than the data and the heat release reduces more quickly after the end of
injection. This suggeststhat jet penetration is overpredicted in the model providing more
air and aquicker burn rate. There are several explanationsfor this. First, the spray
model was devel oped for a non-vaporizing, non-combusting fuel jet. Measurements
indicate that the spray model overpredicts penetration in avaporizing jet by as much as
18%[25]. Second, the spray model is sensitive to injector coefficients, particularly C,.
Thiscould in part explain the greater discrepancy in the BY U engine results where
injector coefficients were approximated using a similar injector but actual measurements
were not taken. Constantsin the spray model could be adjusted to reduce spray
penetration but changing the values for these constants could not be justified without new
data

Once the flame length is reached the heat rel ease rate matches the results from the
combustion bomb cases where wall effects and jet interactions are not present. Therefore
once theflame length is reached the model does a reasonably good job of predicting the

air entrainment into an individual unobstructed jet and the assumption that combustion is
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mixing limited also seems reasonable. In the combustion bomb cases where wall
interaction was involved the limited data used in this work showed little influence of jet
impingement. 1t seems reasonable that the spray penetration correlation isrelatively
accurate for wall interaction conditions.

In diesel enginethe jet impinges on thewall soon after the premixed burn and
usualy after only 15 — 25 % of the fuel isburned. Because there are multiple nozzlesin a
typical engine injector, shortly after the jets reach the wall they begin to interact with
adjacent jets. At thispoint the modeled and real AHRR are fundamentally different.
This suggeststhat the air entrainment rate into the jet is different at this point and a
different mixing model is needed.

The ignition delay and premixed burn sub-models were not afocus of thiswork
but the simple models sel ected produced expected trends when compared with the data.
Quantitatively, the ignition delay and premixed burn models were unable to match data
from various engines. The proposed model should offer advantagesin predicting the
duration of the premixed burn because the model iskinetically controlled. The new zero-
dimensional model should be able to provide better predictions of temperature to be used
in the kinetics than previous zero -dimensional models. The premixed burn duration is,
however, coupled to the ignition delay model and can appear inaccurate if the ignition
delay model incorrectly predicts the mass of fuel available.

Theignition delay isvery difficult to predict because non-uniformity in the spray
istypica and hasalarge effect on when and where ignition occurs. The model proposed
here has both a mixing (liquid length) and kinetic (temperature) component that could

allow improved prediction of ignition delay, but the assumption that concentration and
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temperature are uniform in the spray in the radial direction severly restrict the possibility

of achieving large improvementsin predicting ignition delay.

7.3.RECOMMENDATIONS

The mixing-limited model for diesel combustion shows promise but will require
severa improvements before being useful as apredictive tool for engine testing,
development, and control. The spray penetration should be modified to account for
vaporization effects and more accurate injector parameters should be obtained. A mixing
model for thetime period after jet interaction should be developed. A model predicting
mixing based in the kinetic energy could be investigated as afirst step. A lift-off length
correlation is now available, which could be easily added to the model inplace of the
constant included in theinput file. Improvementsto the ignition delay and premixed
burn sub models sould be investigated and at a minimum, constants optimal for the range
of datainvestigated could be used.

Future modeling work could involve coupling detailed kinetic mechanisms with
the current code to predict soot and NOx formation. The current model makes atime,
temperature stoichiometry relationship available for important zones within the
combustion process that are responsible for the formation and destruction of pollutants.
It would be of interest to seeif this zero-dimensional model could be used with detailed

kinetics to produce areasonable prediction.
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APPENDIX A. CODE LISTING

Sampleinput file for the Sandia engine 1200 RPM low fuel load normal injection timing
condition including ramping injection pressure.

1397 B(m)

1524 L(m)

3048 I(m)

10.75 rc

192  Pin(kPa)
426  Tin(K)
348.5 SOI(TDC=360)
8 fuel
.00007189 mf(kg)
2 nozzle

8  #holes

15000 Pinjo

40000 Pinj(kPa)
1200 RPM

12 flamel O(mm)
.024  Apiston(n3)

KKK KKKk KKK K KRR R KRR R KRR R KRR Rk kR R kR kR Rk kR Rk Rk Rk kR kR Rk ko x [

/* Diesel Cycle Simulation Code */
/* Programmed by Rich Asay */
/* Version Completed Feb. 2003 */
* */

/* This code models the compression combustion and expansion processes in */
[* direct injection diesel engines. The compression and expansion are */
/* isentropic processes. The combustion process uses the conceptual model */
/* by Jon Dec and the spray model by Dennis Sebers to define the spray and */
/* combustion zones. An equilibrium model gives products of combustion. */
/* The code also allows for constant volume combustion simulations */

[ KKk ko K kR K KRR K KRR R KRR R kR R Rk kR R KRk kR kR kR Rk Rk kR kR kR Rk ko x [

#include <stdlib.h> /I ¢ function libraries
#include <stdio.h>

#include <math.h>

#include <conio.h>

#include <ctype.h>

#define Pl 3.14159 /I global constants
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#define Ru 8.314
#define INFILE "cyclein.txt" /l'input and output file names
#define OUTFILE "cycleout.txt"

main()
{

/* main function variable definitions

---- stroke
--------- rod length
---- compression ratio
......... intake pressure
_________ intake temperature
--- start of injection
j -m-mmmee overall equivalence ratio
— ending injection pressure
------- starting injection pressure (sameas ending for constant injection pressure cases)
--------- engine speed
piston area
# corresponding to fuel choice
j ---m-m-- # corresponding to injector choice
------- number of nozzles in the injector
dummy[15] --- dumps units info from input file

|V E—— total cylinder volume

Vs displacement volume

VC--mmmmmeem clearance volume

- — crank radius

A e bore areafor Vd calculation

RI ---------- rod length to crank radius ratio

Sp ---------- mean piston speed

Cr[3] ------- reference state for heat transfer model (ht)

Cr[Q] ---- reference temperature
Cr[1] ---- reference pressure
Cr[2] ---- reference volume

Pm ---------- motored pressure for ht in combustion and expansion

Tres -------- old residual temperature

Tresn------- new residual temperature

Tinl-------- first temperature with residual gas

dTres------- change in residual temperature i n loop

K --m-mmeee- specific heat ratio

h[21] ------- enthalpies of all species (see enthalpy function for definitions of each)

Cp[21] ------ const pressure specific heats for species (see enthal py function for
definitions of each)

Cpa--------- total specific heat

ma ---------- air moles

mres -------- residual moles

mt ---------- total moles of air and residual

fuel mass or moles
stoichiometric air fuel ratio
nozzle velocity coefficient

W -=mmmmmmee fuel flow rate constant
Ufuel ------- fuel injection velocity
Ainj -------- injector hole area
mdotf ------- fuel flow rate

mdotCA ------ fuel injected per 1/4 crank angle
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Lf ---emmeme- lift -off length
in1[9] ------ passes info between functions
in1[0] --- cylinder temperature
in1[1] --- cylinder pressure
in1[2] --- cylinder volume
in1[3] --- start of loop crank angle
in1[4] --- end of loop crank angle
inl[5] --- specific heat ratio
in1[6] --- cylinder energy
in1[7] --- motored pressure
in1[8] --- motored temperature
injdata[3] - carries nozzle specs (see injector function for definitions of each)
fuel[7] ----- carries fuel properties (see properties function for definitions of each)
fuelcomp(4] - carries fuel composition (see properties function for definitions of each)
[ loop control variable
&t e stroke variable for isentropic function O for compression 1 for expansion */

/I define variables

double B, L, I, rc, Pin, Tin, SOI, phi, Pinj, Pinjo, RPM, Ap;  // input variables
int name, inj, holes;

char dummy[15]; // space for description column in input file

double Vt, Vd, Vc, a A, RI, Sp, Cr[3]={0}, Pm=0; /I engine geometry
double Tres=751, Tresn, Tin1=0, dTres=2, k, h[21], Cp[21], Cpa;

/I thermodynamic variables

double ma, mres, mt, mf, AFs; /I mass variables

double Cv, w, Ufuel, Ainj, mdotf, mdotCA, Lf; Il injectionvariables
double in1[9], injdata[3], fuel[7], fuelcomp[4]; /I program variables
int i=0, st;

FILE *input; /I file pointers

FILE *output;

/* function prototypes
isentropic function for compression and expansion processes
injection function for fuel injection and combustion process
enthalpy function retrieves enthal py values for all species
injector function retrieves injector parameters
properties function retrieves fuel properties and composition
airfuel function calculates molar stoichiometric air fuel ratio */

void isentropic(double in1[], double V¢, double rc, double RI, double mt, FILE *output, int st,
double phi, double fuel[], double fuelcomp[], double AFs, double Sp, double B,
double Ap, double a, double I, double RPM, double Vd, double Cr[]);

void injection(double in1[], double V¢, double rc, double RI, double fuel[], double fuelcomp(],
double mt, double mf, FILE *output, double mdotCA, double Ufuel, double Sp,
double RPM, int holes, int inj, double Lf, double B, double VVd, double &, double |,
double Ap, double Pinj, double injdata[], double Ainj, double Pinj0);

void enthalpy(double T, double h[], double Cp[]);

void injector(int inj, double injdata[]);

void properties(int name, double fuel[], double fuelcomp[]);

double airfuel (double fuelcomp[]);

/I openfile
input=fopen(INFILE, "r");

if (input==NULL)
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printf("could not open input filan");
/I end program if input file doesn't exist

return EXIT_FAILURE;
}

/I read input data

fscanf(input,"%lf %s",& B,& dummy);
fscanf(input,"%lf %s",&L,&dummy);
fscanf(input,"%lf %s",&1,& dummy);
fscanf(input,"%lf %s",&rc,& dummy);
fscanf(input,"%If %s",& Pin,& dummy);
fscanf(input,"%lf %s",& Tin,& dummy);
fscanf(input,"%lIf %s",& SOI,& dummy);
fscanf(input,"%i %s",& name,& dummy);
fscanf(input,"%lf %s",& mf,& dummy);
fscanf(input,"%i %s",&inj,& dummy);
fscanf(input,"%i %s",& holes,& dummy);
fscanf(input,"%If %s",& Pinj0,& dummy);
fscanf(input,"%lIf %s",& Pinj,& dummy);
fscanf(input,"%If %s",& RPM,& dummy);
fscanf(input,"%lf %s",&Lf,&dummy);
fscanf(input,"%If %s"',& Ap,& dummy);

/I cylinder geometry calculations
A=Pl/4*pow(B,2); // bore area

/I check for input file

/I bore

/I stroke

/ rod length

/I compression ratio

/I intake pressure

[ intake temperature

/I start of injection

/I fuel choice

/I fuel massinjected

Il injector choice

/I # holes in injector

/I starting injection pressure
/I ending injection pressure
/I engine speed

I1ift-off length

/I piston area

/I geometry for constant volume combustion bomb

/I no clearance volume for constant V bomb

/I clearance volume for engine cases

Vd=A*L; /I displacement volume
if(rc==1)
Vc=0;
}
else
{
Ve=Vvd/(re-1);
}
Vi=Vd+Vc; /I total volume
a=.5*L; // crank radius
RI=l/g; /l rod | to crank radius ratio

ma=Pin*Vd/(Ru*Tin);
injector(inj,injdata);
Cv=injdata[1]/injdata[2];
Ainj=pow(injdata]0]/1000000,2)* PI/4;
properties(name,fuel ,fuelcomp);
mf=mf/fuel[7]; //fuel mole calculation
AFs=airfuel (fuelcomp);
Sp=2* RPM*L/60;

/'1oop calculates residual gas temperature

[s4]

{
output=fopen(OUTFILE, "w");

fprintf(output,“theta T(K) P(kPa) V(dm"3) h(kJkg)
E1(kJkg) E2(kJkg) liquid L (mm) Tad(K) k\n");
file header

/I ar mole calculation [kmol]
/I get injector geometry and coefficients
/I velocity coefficient Cd/Ca

/I nozzle area [Mm"2]

/I retrieve fuel properties

/I molar air/fuel ratio
/I mean piston speed

/I open output file

mres=Vc*Pin/(Ru* Tres); // residual moles[kmol]

mt=mat+mres;

/It otal moles during compression [kmol]
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phi=mf* AFs/mt; /I overall equivalenceratio
Tinl=(Tin*ma+Tres* mres)/mt;  //initial temp

/I compression process
in1[0]=Tin1, /I initialize variables to be passed to isentropic function for
COMPpression process

in1[1]=Pin;

in1[2]=Vt;

in1[3]=180;

in1[4]=S0lI;

st=0;  // st=0 for compression

isentropic(inl,Vc,rc,RIl,mt,output,st,phi,fuel ,fuelcomp,AFs,Sp,B,Ap,a,l,RPM,Vd,Cr);
/I compression process calculated using isentropic function

/l'injection and combustion process

w=2* ((Pinfin1[1])* 1000/fuel[3]); /I fuel flow rate calculations
Ufuel=Cv* sgrt(w); /l'injection velocity

mdotf=injdata] 2]* Ainj*fuel[3]* Ufuel/1000; /I fuel flow rate [kg/ms]
mdotCA=holes* mdotf/(.006* RPM*fuel[7]); [l fuel flow rate [kmol/CA]
in1[3]=S0l; /linitialize for start of injection and combustion process

injection(in1,Vc,rc,RI,fuel ,fuelcomp,mt,mf,output,mdotCA ,Ufuel,Sp,RPM holes,inj,Lf,B,
Vd,al,Ap,Pinj,injdata,Ainj,Pinj0); /l'injection function called to calculate
injection and combustion process
/I expansion process
in1[4]=540.25; /I initialize to tell expansion when to stop
mt=mt+mf; // total molesin expansion process
st=1; // st=1 for expansion
isentropic(inl,Vc,rc,Rl,mt,output,st,phi,fuel ,fuelcomp,AFs,Sp,B,Ap,a,|,RPM,Vd,Cr);
/I expansion process calculated using isentropic function

/I residual gas temperature calculations

enthalpy(in1[0],h,Cp);  // retrieve enthalpies at end of expansion process

Cpa=(Cp[7]+3.7274* Cp[10] +. 0444* Cp[11])/(1+3.7274+.0444); 11 specific heat of
ar at end of expansion

k=Cpa/(Cpa-Ru); /1 specific heat ratio

Tresn=in1[0]* pow(Pin/in1[1],(k-1)/K); /I calculates new residual temp using
isentropic process

dTres=Tresn-Tres; /I change inresidua temp from last guess

Tres=Tresn; // update Tres

if(Vc==0) /I for bomb cases no Tres calculations

{
}

fclose(output);  // close output file (opening and closing in each loop insures only the
fina set is saved)
}while(fabs(dTres)>2);  // when residual temp changeissmall end loop
fclose(input); /I close input file

dTres=1; /I dTres set below tolerance for continuing loop

return EXIT_SUCCESS, /I end program successfully
/*********************************************************************/
/* function calculates properties at each crank angle */
/* using a isentropic process for compression */
/* and expansion strokes */

/*********************************************************************/
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void isentropic(double in1[], double V¢, double rc, double RI, double mt, FILE *output, int st, double phi,
double fuel[], double fuelcompl[], double AFs, double Sp, double B, double Ap, double a, double |, double
RPM, double Vd, double Cr[])

{

/* isentropic function variable definitions

------- crank angle
----------- CA loop counter
--------- starting crank angle for loops
---- ending crank angle for loops
————— crank angle duration for compression or expansion stroke
........... cylinder temperature
————————— first temperature guess for secant method
------- second temperature guess for secant method
——————— updated temperature guess for secant method
--- motored temperature for ht in expansion stroke
-- reference temperature for ht
--------- cylinder pressure
d ---- new cylinder pressure
---------- old cylinder pressure
--------- new pressure from temperature after secant method
---------- reference pressure for ht
---------- new volume
---- volume ratio
R old volume
---------- reference volume for ht

n ----------- # C atoms in fuel molecule

M =-===-=---- # H atoms in fuel molecule

| — # O atoms in fuel molecule

o — # N atoms in fuel molecule

r[4] -------- simplifying constants for stoichiometry

Nsum -------- total number of moles

MWa--------- molecular weight of air or air and products

x[21] ------- mole fractions of all species

ha ---------- enthalpy of air or air and products units

h[21] ------- enthalpies of all species (see enthalpy function for definitions of each)

Cp[21] ------ const pressure specific heats for species (see enthalpy function for definitions of
each)

Cpa--------- specific heat of air or air and products

K -mmmmmmmnne specific heat ratio

Ecyl -------- cylinder energy calculated from E + P*dv

Ecyl2 ------- cylinder energy calculated from temperatures

(o — heat transfer function

g0 ---------- secant function at first guess updated in subsequent loops

ql---------- secant function at second guess updated in subsequent loops

E1 ------m--- energy in secant function at first guess updated in subsequent loops

E2 ---------- energy in secant function at second guess updated in subseguent loops

dq ----- -- change in secant function

Ach --------- surface area in the cylinder

L variable used in area calculation

Cl-—------- constant in heat transfer correlation

C2 -----m---- constant in heat transfer correlation

T — variable in heat transfer model

km -----e-em- specific heat ratio for motored calculation

MWI] -------- molecular weights of all species
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hf[] -------- heats of formation of all species
[ loop counter
ji =mmmmme- loop counter */

/I declare variables

doublethets, j, S, E, dur; /l'loop variables

double T, Tal, Ta2, Ta3, Tm=1, Tr=0; // temperature variables

double P, Pi, Po, Pa3, Pr=1, Pm, V{=0, vr, Vi, Vr=1; /1 Pressures and volumes
double n, m, f, g, r[4], Nsum, MWa=0, x[21]={0}; /I composition variables
double ha=0, h[21], Cp[21], Cpa, k, Ecyl=0, Ecyl2, hc; /I energy variables

double g0, q1, E1, E2, dg, Ach, sl, C1=2.28* Sp, C2=.00324, w, km;  // energy and heat tran

variables
double MWI[]={1.00794, 15.9994, 14.00674, 2.0159, 17.0079, 28.0104, 30.006, 31.999, 18.016,
44.011, 28.013, 39.948, 15.035, 16.043, 26.038, 28.054, 16.023, 17.030, 27.026, 29.019,
25.030};// molecular weights
double hf[]={ 217977, 249197, 472629, 0, 38985, - 110541, 90297, 0, -241845, -393546, 0, O,
145687, -74873, 226748, 52283, 167653, -45898, 135143, 12134, 476976} ;
/I heats of formation
int i=0, ii; /I'loop counters
[* function prototypes
enthalpy function retrieves enthalpy values for all species */
void enthalpy(double T, double h[], double Cp[]);

[/linitializevariables using inputs from main

T=inl[O0]; /] state variables
P=in1[1];

Vi=inl[2];

S=in1[3]; /I CA loop controls
E=in1[4];

Ecyl=in1[6]; Il energy
Pm=in1[7]; /I motored state
Tm=in1[8];

Tr=Cr[0]; I/ reference state for ht
Pr=Cr[1];

Vr=Cr[2];

Po=P; // old pressure

dur=(E-S)*4; /I # of steps to loop through process
n=fuelcomp[0]; /I fuel composition
m=fuelcomp[1];

f=fuelcomp[2];

g=fuelcomp[3];

/l'initial specific heat ratio and energy calculation for compression stroke (st=0)
if (st==0)

X[7]=.209126; // mole fractionsfor air
x[10]=.781589;
x[11]=.009258;

enthalpy(T,h,Cp); /I enthalpies and specific heats of species at start of
compression

Cpa=x[7]* Cp[7]+x[10]* Cp[10]+x[11]* Cp[11]; /I specific heat of air

k=Cpa/(Cpa-Ru); /I specific heat ratio

ha=x[7]*h[7]+x[10]* h[10] +x[11]*h[11];  // air enthalpy

MWa=x[7]* MW[7]+x[10]* MW[10] +x[11]* MW[11]; /I molecular weight of air

mt=mt*MWa;  // mass of air [kg]
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Ecyl=mt*ha/MWaPo* Vi; /I energy in cylinder to start compression

}
/I initial specific heat ratio and energy calculation for expansion stroke (st=1)
if (st==1)
{
r[0]=(n+0.25* m-0.5*1)/phi; 1IrO /1 stoichiometry constants
r[1]=0.5*1+r[0]; IIr
r[2]=0.5*g+3.7274*r[0]; I
r[3]=0.0444*r[0]; /e
Nsum=m/4+r[2]+r[3]+r[0]+I/2; /I total number of moles
X[7]=(r[0] H/2-n-m/4)/Nsum; /102 /I mole fractions of product species
X[8]=(m/2)/Nsum; /IH20
X[9]=n/Nsum; /I CO2
X[10]=r[2]/Nsum; /IN2
X[11]=r[ 3]/Nsum; 11 Ar
enthalpy(T,h,Cp); /I specific heats of species at start of expansion (energy from
injection function)
for(Cpa=0,ii=0;ii<21;ii++)
{ Cpa=Cpatx[ii]*Cp[ii];  // caculate total specific heat
MWa=MWa+x[ii]* MWTii]; /I calculatetotal molecular weight
mt=(mt+phi* mt/AFs)* MWa; /[ total mass in expansion
k=Cpal/(Cpa-Ru); /I specific heat ratio
}
/I calculate properties at each 1/4 CA
for(i=0; i<dur; i++) //'loops from start CA to end CA
{

j=i; //'loop counter as double instead of int for CA calculation

theta=(S+j/4)* P1/180; /I CA in radians

Vi=Vc* (1+.5% (rc-1)* (RI+1-cos(theta) - pow(RI* RI-(sin(theta)* sin(theta)),.5)));
// volume at end of step

if(Vc==0)

{

Vf=Vi; /I new volume equal old volume for constant volume case

vr=Vi/Vf; I/l volumeratio for step

sl=a* cos(theta)+pow((I* I-a* a* sin(theta)* sin(theta)),.5); /I calculate sl variable fore
area equation

Ach=Ap+PI*B*B/4+PI*B* (I+a d); /I cylinder area for ht

if(Vc==0)

Ach=Ap; /I area equal to input file area for constant volume case

Pi=P; // saveinitial pressure

T=T*pow(vr,(k-1)); /I new temperature and pressure using isentropic process

P=P* pow(vr,k);

if (st==0) /I enthal py, specific heat ratio, and energy for each step in compression
stroke

{

enthalpy(T,h,Cp);
ha=x[7]*h[7]+x[10]* h[10] +x[11]*h[11];
Cpa=x[7]*Cp[7]+x[10]* Cp[10] +x[11]* Cp[11];
k=Cpa/(Cpa-Ru);

w=C1; //vauefor ht correlation
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Ecyl2=mt*ha/MWa (Pi+P)/2* Vi,
}
if (st=1) /I enthalpy, specific heat ratio, and energy for each step in expansion
stroke
{

enthalpy(T,h,Cp);
for(Cpa=0,ha=0,ii=0;ii<21;ii++)

Cpa=Cpa+x][ii]*Cplii];
ha=ha+x[ii]* (h[ii]);
}
k=Cpa/(Cpa-Ru);
Ecyl2=(mt)* ha/MWa(Pi+P)/2*Vi;
enthal py(Tm,h,Cp);
for(Cpa=0,ii=0;ii<21;ii++)

Cpa=Cpa+x[ii]*CpJii]; /I specific heat at motored conditions
}

km=(Cp[7]+3.7274* Cp[10] +.0444* Cp[11])/(1+3.7274+.0444)/((Cp[ 7] +3.7274*
Cp[10]+.0444* Cp[11])/(1+3.7274+.0444) -Ru);
/I specific heat ratio at motored conditions

Tm=Tm* pow(vr,(km-1)); /I new motored Temp and Press

Pm=Pm* pow(vr,km);

w=C1+C2*Vd* Tr/(Pr*Vr)* (P-Pm); /I valuefor ht correlation

}
Ecyl=Ecyl-(Pi+P)/2* (Vf-Vi); /I new energy
hc=(3.26* pow(B, -.2)* pow(P,.8)* pow(T,-.55)* pow(w,.8)/1000)* Ach*
(T-600)* (.25/(.006* RPM))/1000;  // heat transfer correlation
/Ihc=0; [/ zeros heat transfer correlation - can be uncommented to neglect heat transfer

/I calculate new temperature and pressure after heat transfer

Tal=T,; I/ temperature guesses for secant method
Ta2=T -50;
enthalpy(Tal,h,Cp); /I secant method using enthalpy to get avg Temperature

for(E=0,ii=0;ii<21;ii++)
E=E+x[ii]*h[ii]; // enthalpy at first temp guess
}
P=(ha* mt/MWahc)* MWa/mt-E; // calculate function at first temp - trying to zero

enthalpy(Ta2,h,Cp);
for(E1=0,ii=0;ii<21;ii++)

E1=E1+x[ii]*h[ii]; Il enthalpy at first temp guess
}
gl=(ha* mt/MWahc)* MWa/mt-E1, /I calculate function at second temp- trying
to zero
do
{
dog=(g1-q0); /I change in function between temp guesses
Ta3=Ta2-ql*((Ta2-Tal)/dg); /I new temperature guess
Tal=Ta2; /Il update values for next guess
q0=q1;
Ta2=Ta3;
enthalpy(Ta3,h,Cp);

for(E2=0, ii=0;ii<2L;ii++)
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E2=E2+x[ii]*h[ii]; /Il enthalpy at subsequent temp guesses

}
gl=(ha* mt/MWahc)* MWa/mt-E2; /I calculate function at
subsequent temps - trying to zero
}while(fabs(g1)>.00001); // when function is small exit loop
Pa3=P*Ta3/T; // new pressure after heat transfer
T=Ta3; /I update cylinder pressure and temperature
P=Pa3;

fprintf (output,"%.2If %lf %l f %l f %l f %l f %l f %lf
%l f %If\n",S+j/4,T,P,Vf*1000,ha,Ecyl,Ecyl2,9,9,hc); /I print output file

for step
printf("CA=%.2If\n",S+j/4); /I print current crank angle to screen
Vi=Vf; /I update volume
} // end of CA for loop
in1[0]=T; /I update variables to send to main
inl[1]=P;
in1[2]=Vf;
in1[4]=S+j/4;
in1[5]=k;
in1[6]=Ecyl;
Cr[0]=T,;
Cr[1]=P;
Cr[2]=Vf;
return; /I end function and return to main function
}
* *
[* function calculates properties during fuel injection */

void injection(double in1[], double V¢, double rc, double RI, double fuel[], double fuelcomp[], double mt,
double mf, FILE *output, double mdotCA, double Ufuel, double Sp, double RPM, int holes, int inj, double
Lf, double B, double Vd, double aa, double la, double Ap, double Pinj, double injdata[], double Ainj,
double Pinj0)

{

/* injection function variable definitions

theta ------- crank angle

|t loop counter for crank angle

S - starting crank angle

rhoa -------- air density for spray model (only calculated at SOI)

nol[21] ----- mole fraction guess for equilibrium - when stepping through zone 3 guess for new
step isold step

Pinj1 ------- injection pressure at current CA

phia -------- equivalence ratio past flame length for heat release model

durCA ------- injection duration in crank angles

AFS ----eeem- stoichiometric air fuel ratio

phi --------- equivalence ratio up to flame length for heat release model

rst[6] ------ simplifying constants for st oichiometry for heat rel ease model

Nsum -------- total number of moles

x3fuel ------ mole fraction of fuel in zone 3 before combustion begins for premixed burn
duration

I[10] ------ array passed to spray model
II[Q] ---- liquid length
Il[1] ---- equivalence ratio at liquid length (molar)
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II[2] ---- spray length at given time

II[3] ---- equivalence ratio at x (molar)

1I[4] ---- time to reach liquid length

II[5] ---- spray spread angle

1I[6] ---- time to reach given length

II[7] ---- equivalence ratio at given length (mass)

II[8] ---- distance to back of spray after EOI

ad[2] ------- array passed to adiabatic flame temp calculator for flame sheath phi=1

ad[0] ---- flame temperature

ad[1] ---- product enthal py

ad3[2] ------ array passed to adiabatic flame temp calculator for zone 3 kept separate for
equilibrium code and temperature guesses

[ — # C atoms in fuel molecule
[ # H atoms in fuel molecule
[ J— # O atoms in fuel molecule
N # N atoms in fuel molecule
[ I liquid length

LS ---mmmmeem spray penetration length

L2 ----emeee- end of zone 2 length

-- spray radius at xe

back end of spray after EQI

flame length (phi=1)

spray radius at L2

spray radius at Lstoic

————————— new liquid length when calculating liquid length with lift -off length in place
--------- change in liquid length when it moves back with lift-off length

spray radius at liquid length

spray radius at lift-off length when liquid length moves back with lift- off length

[ -mmmmmmnnen spray radius at step for zone 2

dLf--------- changein lift-off length

Lfa --------- lift- off length that moves back to given Lf

dLL --------- change in liquid length when calculating liquid length with lift-off length in place
IS ----mmme- spray radius at penetration length

rLfa -------- spray radius at penetration length

an ---------- spray angle multiplier from Siebers =.66

angle ------- spray spread angle

dur --------- injection duration (ns)

te-----m---- time at EOI

tstoic ------ timeto reach flame length

tf e time lift -off length reaches minimum

timeQ ------- time at beginning of slice when stepping through zone 3 (for fuel mass cal culation)
tid --------- ignition delay time

| time after SOI

dtCA -------- time for /4 CA step

A2 -momeeeee constant in exponential that burns back zone 2

r0 ---------- radius at beginning of slice while stepping through zone 3

rl ---------- radius at end of slice while stepping through zone 3

10 ---------- length to beginning of slice while stepping through zone 3

length to end of slice while stepping through zone 3
# steps taken through zones 2 and 3

starting length for stepping through zones 2 and 3
---- ending length for stepping through zones 2 and 3

tS ---m-mo- step size

e cylinder pressure

cfuel ------- fuel concentration for premixed burn duration
cO2 --------- oxygen concentration for premixed burn duration
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Sl - slope of oxygen concentration for premixed burn duration

812 --emmeee slope of temperature for premixed burn duration
Tpm--------- temperature in premixed burn durat ion model

timepm ------ premixed burn time

dfuel ------- change in fuel concentration for premixed burn duration
cO2a -------- change in oxygen concentration for premixed burn duration
Tdel -------- temperature for ignition delay model =T & L2

T —-mmmmeee- cylinder temperature

Tinj -------- fuel injection temperature

Tsm --------- spray model temperature (constant at cylinder value at SOI)
Tad --------- adiabatic flame temperature fore flame sheath

T2 ---meeeeme zone 2 temperature

T20--------- stores last zone 2 temperature before zone disappears

Ttot -------- mass avg temperature for whole cylinder

trf —--eeeeee temperature constant for fuel enthalpy curve fit

zone 5 temperature

temperature at the end of zone 2 for premixed burn duration

temperature of the products in first step of zone 3 for premixed burn duration

equivalence ratio at the line between zone 2 and 3

-------- ar fuel ratio at the line between zone 2 and 3

enthalpy at the end of zone 2 for premixed burn duration

--- enthalpy in the premixed burn

temperature at a position in zone 2 while stepping through

--------- mass times temperature for zone 1

mass times temperature for zone 2

--------- mass times temperature for zone 3

--------- mass times temperature for volume of zone 5 where spray would be after EOI
temperature of air coming into zone 2 from zone 5

first temperature guess for new cylinder temperature using total energy (secant

method)

Ta2 --------- second temperature guess for new cylinder temperature using total energy (secant
method)

Ta3 --------- subsequent temperature guesses for new cylinder temperature using total energy

(secant method)

[ initial cylinder volume

---------- final cylinder volume

---------- spray vdume up to lift-off length for moving back lift-off length
---- step volume for stepping through zones 2 and 3
----- spray volume
---------- secant function at first guess updated in subsequent loops
—————————— secant function at second guess updated in subsequent loops
change in secant function

---------- zone 5 volume using ideal gas
---------- zone 1 volume
---------- zone 2 volume

————————— zone 1 and 2 volume

--------- spray vol through zone 2 used to calculate zone 2 volume
---- volume of back end of spray after EOI
-- zone 3 volume
—————————— mass of products in zone 2

--------- mass in zone 5
mass in back end of spray after
--------- air mass beyond lift -off length in zone 1 for moving liquid length back with lift-off
length
malb -------- unburned air mass beyond lift -off length in zone 1 for moving liquid length back
with lift-off length
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mplb -------- burned air mass beyond lift -off length in zone 1 for moving liquid length back with
lift-off length

ml ---------- mass in zone 1

m2 ---------- mass in zone 2

m3 ----------mass in zone 3

mas--------- mass of air for 1 kg fuel for phi=1 diffusion flame temperature calculation

m2min ------- minimum mass in zone 2 as it burns back

ma ---------- mass of air for stepping through zone 2

mala -------- air mass before lift-off length in zone 1 for moving liquid length back with lift-off
length

----------- mass of air for stepping through zone 3
--- mass of air in zone 3 from zone 5 for stepping
---------- mass of air in the spray
————————— air mass in last step while stepping through zone 2
----- number of moles of each speciesin zone 3
-------- total mass of air in cylinder at SOI
--- mass of air in zone 3
--- mass of air in products in zone 1
--- mass of air in zone 1
--- mass of air in zone 2
————————— mass of air in products in zone 2
------- mass of air in zone 3 from zone 2 for stepping
——————— mass flow rate of fuel in kg/ms
------- total mass of fuel
————————— mass of fuel in the spray
...... fuel massin last step while stepping through zone 2
-------- molar flow rate of fuel kmol/ms
--- mass of fuel in products in zone 1
---mass of fuel in zone 1

mfp --------- mass of fuel in products in zone 2 for stepping through zone
mf2 --------- mass of fuel in zone 2
mf3--------- mass of fuel in zone 3

mass of unburned fuel in zone 2

mass of unburned fuel in zone 1

--- mass of fuel in products in zone 2

mass of vaporized fuel in zone 1

h4 ---------- enthalpy of zone 4

enthalpy change of diffusion flame products from zone 4 temp to zone 1 temp
enthalpy change of air at zone 5 temp to zone 1 temp

dh-----m---- enthalpy change of air for liquid length calculation

h[21] ------- enthalpies of all species

hf4 ---ee---- enthalpy of zone 4 for moving liquid length with lift-off length
hf5 --------- enthalpy of zone 5 for moving liquid length with lift-off length
hr ---------- enthalpy of reactants for adiabatic flame temp in zone 4

h5[21] ------ enthalpies of speciesin zone 5

deltadh ----- change in dh when moving liquid length with lift-off length loop

old enthalpy change for moving liquid length with lift -off length loop
enthalpy of air in zone 5

enthalpy of air in zone 1

enthalpy of productsin zone 1

enthalpy of air in zone 2

enthalpy of products in zone 2

enthalpy of products in zone 3

enthal pies of species when enthalpies at 2 temps required for a calculation
hrl --------- enthalpy of reactants for adiabatic flame temp in zone 3

hfuel ------- enthalpy of the fuel
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------ specific heats of all species

specific heat of air at SOI

specific heat of products of diffusion flame

energy in zone 1 (also used in secant method to get cylinder temperature)
energy in zone 2 (also used in secant method to get cylinder temperature)
energy in zone 3

energy in zone 5

Ecyl2 ------- cylinder energy calculated using energies of zones added

Ecyl -------- cylinder energy calculated using E+PdV

EA ---------- activation energy

R zone 5 energy used in secant method to get cylinder temperature
x4[21] ------ mole fractions of diffusion flame products

x5[21] ------ mole fractions in zone 5

x3[21] ------ mole fractions in zone 3

x3a[21] ----- mole fractions in spray beyond lift-off length before flame length

x3b[21] ----- mole fractions in spray beyond flame length

molecular weight in zone 4

molecular weight in zone 2

molecular weight of air

molecular weight in zone 3

molecular weight of products from lift-off length to flame length for heat release

calculation
MWR --------- molecular weight of reactants from lift-off length to flame length for heat release
calculation
MW[] -------- molecular weights of all species
hf[] -------- heats of formation of all species
HP -----ee-- enthalpy of products from lift-off length to flame length for heat release calculation
HR ---------- enthalpy of reactants from lift -off length to flame length for heat release calculation
Ul ----mmeee- old internal energy used in secant method to get cylinder temperature
U2 oo new internal energy used in secant method to get cylinder temperature
Qn -----mmeem new heat release
QO —--------- old heat release
Qstep ------- heat release in 1/4 CA step
Ea ---------- spray energy used in secant method to get cylinder temperature 1st guess
Eal --------- spray energy used in secant method to get cylinder temperature 2nd guess
Ea2 --------- spray energy used in secant method to get cylinder temperature subsequent guesses
mstoic ------ mass of air beyond flame length
mfstoic ----- mass of fuel beyond flame length (in products with mstoic)

enthalpy at temp at SOI for fuel vaporization effect on heat release

enthalpy at vaporization temp for fuel vaporization effect on heat release

fuel vaporization effect on heat release

--- new fuel massin spray for heat release calculations

old fuel massin spray for heat release calculations

change in fuel massin spray for heat release calculations

heat release at ignition delay

premixed burn time counter (CA)

total premixed burn time (CA)

————————— new air in spray in CA step until reaching lift off length for fuel vaporization effect

on heat release
malp -------- mass of air in products in zone 1
tifq -------- time to reach lift -off length for heat release calculation
mfq --------- mass of fuel from lift -off length to flame length for heat release calculation
maq --------- mass of air from lift-off length to flame length for heat release @l culation
rlf ----eeee- spray radius at lift-off length
MWPs -------- molecular weight of products beyond flame length for heat release calculation
HRS --------- enthalpy of reactants beyond flame length for heat release calculation
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HPs --------- enthalpy of products beyond flame length for heat release calculation

Vsq --------- actual spray volume

mags -------- mass of air beyond flame length for heat release calculation

mfgs-------- mass of fuel beyond flame length for heat release calculation
sum of mole fractions

Cp5 --------- specific heat of zone 5

Cp3 --------- specific heat of zone 3

Cpt average specific heat of all zones

Cpf specific heat of the fuel

xfuelpma ---- starting mole fraction of fuel in premixed burn model
xfuelpm ----- mole fraction of fuel in premixed burn model
xafbpm ------ mole fraction of products in premixed burn model
xairpm ------ mole fraction of air in premixed burn model

S variable used in area calculation

Ach --------- surface area in the cylinder

he ---------- heat transfer

W =-mmmmmmmes variable in heat transfer model

C1 ---mmmme- constant in heat transfer correlation

C2 ---------- constant in heat transfer correlation

Tr ---------- reference temperature in heat transfer model

Pr-------- reference pressure in heat transfer model

Vr —-mmemme- reference volume in heat transfer model
TTm ---------- motored temperature in heat transfer model
Cpa--------- specific heat of air

[/ — specific heat ratio

\V/gEESEE volume ratio used to get motored data

---------- fuel flow rate constant

---------- motored pressure in heat transfer model
[T loop counter
----loop counter
---- flag insures minimum mass in zone 2 only calculated once
---- flag insures calculations to move lift- off length done once
--------- flag insures calculations for flame length done once
—————————— flag insures cal culations for minimum liquid length done once
------- tells equilibrium code weather to make a new initial guess
------- tells adiabatic flame calculation weather to start at hard coded temp guesses or use

temperature from last aft calculation

[ loop counter

flag6 ------- insures premixed burn duration calculation only done once

flag7 ------- changes direction of steps through zone 3 to help equilibrium solution

flag8 ------- insures calculations for heat release for premixed burn done once

flag9 ------- other calculations for changing direction of steps through zone 3 to help equilibrium
solution

flag10 ------ saves temperature for ignition delay model

flagll ------ insures ignition delay calculated once */

/I declare variables

double theta, j=1, S, rhoa, nol[21]={0}, Pinj1, phia=0, durCA;

double AFs, phi=0, rst[6]={0}, Nsum, x3fuel;

double II[10]={ 0}, ad[2], ad3[2], C, H, O, N;

double LL, LS, L2=0, rxe, xe=0, Lstoic=0, rL2, rLstoic=0, LL1=0, LLd, rL, rLf=0, r, dLf, Lfa=50,
dLL, rS, rLfa, an=.66, angle=0;

double dur, te=0, tstoic=0, tIf=50, time0, tid=10, t, dtCA;

double A2=1, r0, r1, 10, 11=0, steps, t1, t2, ts;

double P, cfuel, cO2, sl1, 512, Tpm, timepm=0, dfuel, cO2a, Tdel=0;

double T, Tinj=411, Tsm, Tad=0, T2, T20, Ttot, trf, T5, T2r, T3p, phi23, AF23, h2r, hpm;
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double Tx2, Tdm, T2m, T3m, Tme=0, T2in, Tal, Ta2, Ta3;

double Vi, V=0, vf, v, vS=0, q0, q1, dg;

double V5=0, v1, v2, v12, v2a=0, ve=0, v3;

double mp, ms5, me=0, m1b, malb, mplb, m1, m2=0, m3, mas, m2min=-100;

double ma, mala, m, m5in=0, mS, mo, ms3[21]={ 0}, ms5a, m3a=0;

double mp1, mal, m2a=0, m2p=0, m2ain, mdotf;

double mfuel, mfS=0, mfuelo, mfdt, mfp1=0, mf1, mfp, mf2, mf3, mf2u=0, mflu, mf2p=0, mifv;

double h4=0, dh4, dh5, dh=0, h[21], hf4, hf5, hr=0, h5[21]={ 0}, deltadh=0, dho=0, h5g;

double hla, hlp, h2a, h2p, h3p, h1[21]={0}, hrl, hfuel;

double Cp[21], Cpas, Cpp=0, E1, E2, E3, E5, Ecyl2, Ecyl, EA, E;

double x4[21], x5[21]={ 0}, x3[21], x3a[21], x3b[21]={ 0}, MW4, MW2=0, MWa=0, MW3,
MWP,MWR;

double MWI[]={1.00794, 15.9994, 14.00674, 2.0159, 17.0079, 28.0104, 30.006, 31.999, 18.016,
44.011, 28.013, 39.948, 15.035, 16.043, 26.038, 28.054, 16.023, 17.030, 27.026, 29.019,
25.030};

double hf[]={ 217977, 249197, 472629, 0, 38985, - 110541, 90297, 0, -241845, -393546, 0, 0,
145687, -74873, 226748, 52283, 167653, -45898, 135143, 12134, 476976} ;

double HP, HR, U1, U2, Qn=0, Qo=0, Qstep, Ea, Eal, Ea2, mstoic=0, mfstoic=0;

double hT, hTs, Qs, mfn=0, mfo=0, mfst=0, Qid=0, tg=0, tqt=0, m1c=0, malp=0, tIfq=0, mfg=0,
mag=0, rlf=0;

double MWPs, HRs=0, HPs=0, V'sg=0, mags=0, mfgs=0, xsum, Cp5, Cp3, Cpt, Cpf=0;

double xfuelpma, xfuelpm, xafbpm, xairpm;

double I, Ach, he, w, C1=2.28* Sp, C2=.00324, Tr, Pr, Vr, Tm, Cpa, k, vr, ww, Pm;

int i=0, ¢, z=0, y=0, sto=0, yy=0, flag1=0, flag2=0, ii=0, flag6=0, flag7=0, flag8=0, flag9=0,
flag10=0, flag11=0;

/* function prototypes
adiabatic function cal culates adiabatic flame temperature using the equilibrium code
enthal py function retrieves enthalpy values for all species
airfuel function calculates molar stoichiometric air fuel ratio
liquidl function calculates the spray model */

void adiabatic(double ad[], double P, double hr, double x[], double fuelcomp[], double phi,
int flagl, int flag2, double nol[]);

void enthalpy(double T, double h[], double Cp[]);

double airfuel (double fuelcompl]);

void liquidl(double II[], double fuel[], double fuelcomp[], double Tinj, double T, double rhoa,
double AFs, double t, double Ufuel, int inj, double MWa, double Cpa, double te,
double dh, double angle, double 11);

FILE *check; /I check is an output file used to check variables not in the regular output file
check=fopen("check.txt","w");

C=fuelcomp[0]; // composition of the fuel

H=fuelcomp[1];

O=fuelcomp[2];

N=fuelcomp[3];

AFs=airfuel (fuelcomp);  // stoichiometric air fuel ratio [mol air/mol fuel]

T=in1[0]; /l'inpus from main

P=in1[1];

Vi=inl[2];

S=inl[4];

Ecyl=in1[6];

Tr=T, /I reference temperature for heat transfer model
Tm=T, /I first motored temperature

Pr=p; /I reference pressure
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Pm=p; /I first motored pressure
Vr=Vi; /I reference volume
Ul=Ecyl; I energy in the cylinder
dtCA=.25/(.006* RPM); [ timefor 1/4 CA [ms]
x5[7]=.209126; I/l zone 5 composition [mole fractions)
x5[10]=.781589;
x5[11]=.009285;
for(i=0;i<21;i++) /I zone 5 molecular weight [kg/kmol]
{

MWa=MWa+x5[i]* MWTIil;

}

mfd=mdotCA*(.006* RPM)/holes; // fuel flow rate per nozzle [kmol/ms]
dur=(mf/holes)/(mfdt); /'injection duration [ms]
durCA=floor(4*mf/mdotCA)/4;  //injection durationin CA

EA=618840/(fuel[4] +25); /I activation energy [J/mol]
msSa=mt* MWa; /I total airin cylinder [kg]
ms5=msba; /l'initial air massin zone 5 [kg]
rhoa=ms5/Vi; /l initial density (constant for spray calculations) [kg/m"3]
Tsm=T, /l'initial Temperature (constant for spray calculations) [K]
h5a=0;
enthal py(Tsm,h,Cp);
for(i=0;i<21;i++)
{
h5a=h5a+x5[i]* h[i]; /I initial enthalpy in zone 5
}
Ecyl=ms5*h5a/MWa-P* Vi; /l internal energy in cylinder
Ul=Ecyl;

enthal py((T+fuel[1])/2,h,Cp);
for(Cpas=0,i=0;i<21;i++)
{

Cpas=Cpas+x5[i]*Cpl[i]; //initial specific heat (constant for spray calculations)
[kIkmol*K]

/I do loop to move through 1/4 CA steps

f-n-\8_w-'

theta=(S+j/4)* P1/180; /I CA [radians]

V{=Vc* (1+.5% (re-1)* (RI+1-cos(theta) - pow(RI* RI-(sin(theta)* sin(theta)),.5)));
/I volume at end of step [m"3]

if(Vc==0)

V{=Vi; //final volume for constant volume case

sl=aa* cos(theta)+pow((la* |a-aa* aa* sin(theta)* sin(theta)),.5); /I area calculation

variable
Ach=Ap+PI|*B*B/4+PI*B*(lataad); /I Chamber surface area
if(Vc==0)
Ach=Ap; /I chamber surface area for constant volume case

}
enthalpy(Tm,h,Cp);

Cpa=(Cp[7]+3.7274* Cp[ 10] +.0444* Cp[ 11])/(1+3.7274+.0444); 11 specific heat of
air for motored calculation

k=Cpa/(Cpa-Ru); /1 specific heat ratio for motored cal culation
vr=Vi/VT; [/ volume ratio for motored calculation
Tm=Tm*pow(vr,(k-1)); // new motored Temp and Press
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Pm=Pm* pow(vr k);
t=((j-1)/4)/(.006* RPM); // time after SOI [ms]

if(t<=dur)
{
Pinj1=PinjO0+((Pinj-Pinj0)/durCA)*((j- 1)/4); [/l fuel injection pressure for this
CA step
if(Pinj1>Pinj)
{
Pinj1=Pinj; /I keeps injection pressure at max value
}
ww=2*((Pinj1-in1[1])* 1000/fuel[3]); /I fuel flow rate calculations
Ufuel=(injdata] 1]/injdata] 2] )* sgrt(wwy); /I fuel injection velocity
mdotf=injdata[2]* Ainj*fuel [3]* Ufuel/1000; // fuel flow rate [kg/ms]
mdotCA=holes* mdotf/(.006* RPM*fuel[7]); /I fuel flow rate [kmol/CA]
mfdt=mdotCA* (.006* RPM)/holes; Il fuel flow rate [kmol/ms]
}
if(t>dur)
{
te=t-dur; /[ time after EOI [mg]

}

mfS=mfdt*t*fuel[7]; /I fuel massin spray before EOI [kg]
if(t>dur)

{

mfS=mfdt*dur*fuel[7]; // fuel massin spray after EOI [kg]

}
liquidl(ll,fuel ,fuelcomp, Tinj, Tsm,rhoa,AFs,t,Ufuel inj, MWa,Cpas,te,0,angle,11);
/I calculate spray model at new CA

LS=I1[2]; /I spray length [mm]
angle=lI[5]; /I spread angle [deg]
xe=I1[8]; /I length of back end of spray EOl [mm]
if(Lfa==50)
LL=I[O]; /l'liquid length before lift-off length moves back [mm]
}
rS=LS*an*angle; /I spray radius at tip
rxe=xe*an*angle; /I spray radius at back end after EOI
vS=(PI/3)* (rS*rS*L S)/1000000000; /I spray volumeto tip
ve=(PI/3)* (rxe* rxe* xe)/1000000000; /I spray volume to back end after EQOI

mS=rhoa*vs, /] spray masstotip
me=ve*rhog; /I spray mass to back end after EOI

MW4=1; /I MW4 non zero for upcoming loop
if(LS<LL)
mlc=mSmilc; // new air in spray for this step
i}f(II[3]>=AFs & & sto==0) /I spray characteristics when phi at tip=1 (flame
length)
{
Lstoic=LS; /l'length
rLstoic=L stoic*an*angle; Il radius
tstoic=t; Il timeto reach
mstoic=mS; /I air mass
mfstoic=mfS; /I fuel mass
sto=1; /I change flag so values are not recalculated on next step
}
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if(t>=tid && z==0)
{
m2min=m2*.25; /I minimum mass of zone 2
z=1; /I change flag so values are not recalculated on next step

}
if(m2min/m2>=.70 & & y==0) /I set up to move lift-off length back from L2

tif=t;  // time when zone 2 is small enough to move lift-off length
dLf=(L2-Lf)/3; //lift-off length movesin 3 steps

Lfa=L2; [1ift-off starts from L2

y=1; [/ change flag so values are not recalculated on next step

}
if(Lfa>=Lf && y==1)
{
Lfa=LfadLf;  // step back lift-off

}
if(Lfa<Lf)
{

Lfa=Lf; /I minimum lift-off
if(xe>=Lf)

Lf=xe; /I when back of spray moves out after EQI lift-off
moves with it
mfg=mfS;
Lfa=Lf;
}
rLfa=Lfa*an*angle; Il radius at lift - off
Tme=me*T, /I back end of spray mass* Temperat ure

/I adiabatic flame temperature calculation for phi=1 sheath
if(t>=tid)
{ /I starts after ignition delay

enthal py(T5,h,Cp);

hr=0;

for(i=0;i<21;i++)

hr=hr+x5[i]* hi];

}

mas=(C+.25* H)/x5[7];

hr=(mas* hr+fuel[5] )/(mas+1); /I enthalpy of reactants

if(Tad==0) /I flag lets adiabatic set temp guesses the first time through

flag2=0;
}else

flag2=1; /I after first loop temperature guesses are based on
last loop temperature to speed convergence
ad[0]=Tad;

flag1=0; /1 tells equilibrium code to make mole fraction guess
adiabatic(ad,P,hr,x4,fuelcomp,1,flagl,flag2,nol); /I adiabatic flame function
Tad=ad[0]; /I flame temperature

h4=ad[1]; /I product enthal py

MW4=0;

for(i=0;i<21;i++)
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}

MW4=MW4+x4[i]* MWTi]; /I products molecular weight

}
enthal py(Tad,h,Cp);
Cpp=0;
for(i=0;i<21;i++)
{
Cpp=Cpp+x4[i]*Cp[i]; /I products specific heat

}
Cpp=Cpp/MW4;

/I moving liquid length with lift-of f length
if(Lfa<LL && yy<1) /I calculates minimum liquid length when lift-off length is at

{

its minimum using energy balance

rLf=Lf*an*angle; /I new radius at lift -off for loop

vi=(PI/3)* (rLf*rL{*Lf)/1000000000; /I volume to lift-off
mala=rhoa*vf; // air massto lift-off

enthalpy(fuel[1],h,Cp); /I enthalpies at boiling temperature of the fuel
hf4=0;

hf5=0;

for(c=0;c<21;c++)

hf4=hf4+x4[c]*h[c]; /I enthalpy of zone 4 species at Thoil
hf5=hf5+x5[c]*h[c]; /I enthal py of zone 5 species at Thoil
}
h5a=0;
enthalpy(Tsm,h,Cp); // enthalpies at spray calculation temperature (T at SOI)
for(i=0;i<21;i++)

h5a=h5a+x5[i]*h[i]; /I enthalpy of zone 5 species at spray temp

}
dh4=(ad[1]-hf4)/MW4; /I enthalpy change of zone 4 from flame temp to
boiling temp
dh5=(h5a-hf5)/MWa; /I enthalpy change of zone 5 from spray calculation
temp to boiling temp

dho=0;

LL1=LL;

d //'loop calculates minimum liquid length

{
rL=LL1*an*angle; /I spray radius at liquid length
v1=(PI/3)* (rL*rL*LL1)/2000000000; // spray volume to liquid length
ml=rhoa*vl; // massto liquid length
mlb=ml-mala; // mass between lift-off and liquid length
malb=rhoa* PI*rLf*rLf*(LL 1-Lf)/1000000000; /' mass of air

between lift-off and liquid length
mplb=mlb-malb; /I mass of products between lift-off and
liquid length

dh=((mala+malb)* dh5+mplb*dh4)/(m1); // total enthalpy change
deltadh=dh-dho; // change in dh (used to find solut ion)
if(fabs(deltadh)>10 & & dho>0)
{

dh=(dh+dho)/2; //if changein dhisto big use avg of old and
new values (helps in finding solution)
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}
liquidi(ll,fuel ,fuelcomp,Tinj,T,rhoa, AFst,Ufuel ,inj, MWa,0,te,dh,angle,
11); /I use spray model to calculate new liquid length

dLL=(LLZII[Q]); /I change in liquid length in loop
LL1=[0Q]; /l update variables
dho=dh;
}while(fabs(dLL)>.5); /I when change in liquid length is small stop loop
yy++; / insures minimum liquid length only calculated once
LLd=(LL -LL1)/2; /I size of step used to move liquid length back
}
if(yy>0) /I move liquid length back with lift -of f
if(yy>1)
{
LL=LL-LLd; /I step liquid length back
}
if(LL<LL1)
LL=LL1; /I minimum liquid length
}
yy++;
}
rL=LL*an*angle; /l radius at liquid length
Il zone 1 calculations
if(LS>LL) // volume of zone 1
{
v1=(PI/3)* (rL*rL*LL)/1000000000; // zone 1 vol when liquid length set up
}
else
{

v1=vS, /I zone 1 vol before reaching liquid length

}

liquidl(ll,fuel ,fuelcomp,Tinj,Tsm,rhoa,AFs,t,Ufuel ,inj, MWa,Cpas,te,0,angle,LL);
/I spray model to get time to reach liquid length

mfl=mfdt*II[6]*fuel[7]; //fuel massin zone 1 using abovetime

if(t>dur)
mf1=mfdt* (11[6] -te)* fuel[7]; /I fuel massin zone 1 after EQI
}
if(mf1>mfS)
{
mfl=mfS; // fuel massin zone 1 before reaching liquid length
}
vl=vl-ve; // volume of zone 1
ml=rhoa*vl; // air massin zone 1
if(v1<=0) /I'if statements to calculate zone 1 masses for stages of spray
development
{
m1=0; /Il zone 1 total mass after zone disappears
v1=0;
}
if(Lfa>LL)
{
mal=m1; /I zone 1 masses before lift -off length moves back
mp1=0;

133



mfpl=0;
}
if(Lfa<LL)
{
mpl=ml+me-rhoa* (PI/3)* (rLfa* rLfa* Lfa)/1000000000-
rhoa* PI*rLfa*rLfar (LL-Lfa)/1000000000; // zone 1 masses after lift-
off length moves back
mal=ml-mpl;
malp=mpl,;
mfpl=mpl/(AFs*MWa/fuel[7]);
mpl=mpl+mfpl;

3nf1u=mf1—mf pl;
if(m1<=0)
{
mpl1=0; /] zone 1 masses after zone disappears
mal=0;
malp=0;
mfpl=0;
mf1=0;
mflu=0;

Tim=fuel[1]* (m1+mfl); // mass* Temperature for zone 1

/I zone 2 calculations

if(t<tid)
{
L2=LS; /I before ignition zone 2 length is spray length
}
if(t<=tid) /I volumes and masses of zone 2 for stages of spray development

v2=(PI/3)* (rS*rS*L2)/1000000000-v1,; /I zone 2 volume and mass before
ignition
if(v2<0)
{
v2=0;

m2=rhoa*v2;
}
if(t>tid & & t<=tIf)

m2=m2-(m2-m2min)* A2* exp((-EA/(Ru*fuel[1]))); // zone 2 volume mass and

length during exponential burn back
v2=m2/rhoa;

v12=v1+v2+ve;
L 2=pow(3*v12/(PI* an* angle* an* angle),.333333)* 1000;

if(t>tlf && t<dur)
rL2=L2*an*angle; /I zone 2 volume and mass after burn back and before
EOI (L2 now constant)
v2=(PI/3)* (rL2*rL 2* L 2)/12000000000- (PI/3)* (rL*rL* L L)/1000000000;
m2=rhoa*v2;

}
if(t>dur)
{
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rL2=L2*an*angle; I/ zone 2 mass and volume after EOI (L2 moves with
back end of spray)

v2a=(PI/3)* (rL2*rL2* L 2)/2000000000;

v2=v2avl-ve,

m2=rhoa*v2;
}
if(m2<0)
{
m2=0; // zone 2 mass and volume when zone disappears
v2=0;
}
t1=0; // set up start and end of loop for stepping through zone 2
t2=0;
if(t<tid && LS>LL)
t1=LL; /I start and end after zone 2 forms but before ignition
t2=LS
}
if(t>=tid)
t1=LL; /I start and end after ignition
t2=L2;
}
11=LL;
if(xe>=LL && xe<L2)
{
tl=xe; /I start and end after EOI before zone disappears
11=t1;
}
if(xe>=L2 && xe>0)
{
t1=0; /I start and end after zone disappears (O steps)
t2=0;
}
steps=ceil (4* (t2t1)); /I number of steps through zone 2
if(steps==0)
{
ts=0; /I step size after zone disappears (0 size)
}
else
{
ts=(t2-t1)/steps; /I step size
}
T2m=0;
mo=ml+me; /I calculation uses energy balance including zone 1 so first mass is mass
of one 1
mfuelo=mf1+mfdt*te*fuel[7]; /I first fuel massisfuel in zone 1
mf2=0;
T2in=Tsm;
ma=0;
mp=0;
mfp=0;
for(i=0;i<steps;i++) /I loop steps through zone 2
11=11+ts; I length to new step
r=l1*an*angle; /l radius at new step
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v=(PI/3)* (r*r*11)/1000000000;  // volume at new step

m=rhoa*v; /] mass at new step

ma=m; // composition of zone 2 air and fuel before lift-ff length moves back
mp=0;

if(11>Lfa)

{

ma=rhoa* ((PI/3)* (rLfa*rLfa*Lfa)+Pl*rLfa*rLfa*
(11-Lfa))/1000000000;  // massof air in zone 2 &fter lift -off length
moves
mp=m-mag; /I mass of productsin zone 2 after lift-off length
moves

}
mfp=mp/(AFs* MWa/fuel[7]); /1 mass of products including burned fuel
mass in zone 2 after lift-off length moves
liquidl(ll,fuel ,fuelcomp,Tinj, Tsm,rhoa,AFs,t,Ufuel ,inj, MWa,Cpas,te,0,angle, 1);
mfuel=mfdt*II[6]*fuel[7]; /I fuel massin new step
Tx2=(mfuel* (-fuel[2]+fuel[0]* fuel[1])+ma* Cpas* T2in/M Wat
mp* Cpp* Tad/MW4)/((mfuel-mfp)* fuel[0] +ma* Cpas/Mwa+(mp+mfp)*

Cpp/MW4); /I Temperature at position x in zone 2 from energy balance
T2m=T2m+Tx2* (m-mo+mfuel-mfuelo);  // sum of mass* Temperaturein
zone2

mf2=mf2+mfuel -mfuelo; // total fuel massin zone 2
mfuelo=mfuel; // update masses

mo=m;
if (flag10==0)
{
Tdel=Tx2; /I save first temperature in zone 2 for ignition delay
model
flag10=1, /I flag insures value only saved once
}
}
if(flagll==0 & & Tdel>0) /'ignition delay model
{
tid=exp(-.0109* Tdel); /l'ignition delay calculated
tid=tid* 1000+t; /' ignition delay added to time for current loop
flagl1=1,; /I insures delay only calculated once
T2r=Tx2, /I |ast temperature in zone 2 saved for premixed burn model
phi23=II[7]; /I equivalence ratio at the end of zone 2 for premixed burn model
AF23=AFs/phi23; /I air fuel retio at the end of zone 2 for premixed burn model
if(m2<=0)
{
L2=xe; /I zone 2 length after EOI
}
rL2=L2*an*angle; /I redius at end of zone 2
m2a=0,
m2p=0;
mf2p=mfp;
if(mf2p>mf2)  // composition of zone 2
mf2p=mf2; /I maximum burned fuel
}
mf2u=mf2-mf2p; [/l unburned fuel
if(ma>0 && m2>0)
{
m2a=maml-me; /I mass of air in zone 2
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}

m2p=mp+mf2p; /I mass of productsin zone 2 (air and fuel)

if(xe>LL) /I zone 2 masses as zone disappears
{
m2a=marhoa* ((PI/3)* (rLfa*rLfa*Lfa)+PI*rLfa*rLfa*
(xe-Lfa))/1000000000;
m2p=m2p-(me-rhoa* ((PI/3)* (rLfa*rLfaxLfa)+PI*rLfa*rLfa*
(xe-Lfa))/2000000000);

mf2p=m2p/(AFs* MWa/fuel[7]);

/I zone 3 calculations
v3=vSv1-v2-ve /I volume and mass of zone 3
m3=mSm1l-m2-me;

if(v3<0)
v3=0; /I volume and mass of zone 3 if zone doesn't exist
m3=0;
}
m3a=m3; /I mass of air in zone 3
if(flag7==1)
{
time0=I1[6]; I time to reach first step in zone 3 if stepping from zone 2 out
if(m2<.000000010 & & flag7==1)
{
timeO=te; // start time if zone disappearing and stepping from zone 2
end
}
}
else
{
liquidi(ll,fuel ,fuelcomp, Tinj,T,rhoa, AFs,t,Ufuelinj, MWa,0,te,dh,angle,L S);
time0=I1[6]; /I time to reach first step in zone 3 if stepping from thetip
back to zone 2
}
if(t<tid) // set up to step through zone 3
{
t1=0; // start and end before ignition
t2=0;
}
else
{
t1=L2; // start and end after ignition stepping from the tip
t2=LS;
11=t2;
if(flag7==1)
{
11=t1; /I start and end after ignition stepping from zone 2
flag9=1;
}
if(xe>=L2)
{

tl=xe; /I start and end after back end reaches zone 3 stepping from the tip
11=t1;
11=t2;
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if(flag7==1)
{

11=t1; // start and end after back end reaches zone 3 stepping from
zone2
}
}
steps=ceil (4* (t2t1)); /I number of steps
if(steps==0)
{

ts=0; [/ zero step sizeif zone doesn't exist

else

{

}
T3m=0;

ts=(t2-t1)/steps;, /I step size

flag2=0;

m3=0;

m2ain=rhoa* PI*rL 2* rL 2* (ts)/1000000000; // mass of air from zone 2 in each step
if(flag7==1)

{

ts=ts /I reverse step size for stepping from zone 2 end

}

T20=T2;

T2=T2m/(m2+mf2); /I zone 2 temperature
if(m2<=0)

T2=T20; /I save zone 2 temp after zone 2 disappears

}

enthalpy(T2,h,Cp);
enthalpy(T5,h1,Cp);
h2a=0;

h5a=0;
for(i=0;i<21;i++)

h2a=h2a+x5[i]*h[i]; /I enthalpy of zone 2 coming into zone 3
h5a=h5a+x5[i]* hi[i]; /I enthalpy of zone 5 coming into zone 3

}
for(ii=0;ii<2L;ii++)

ms3[ii]=0; /l'initialize variablesfor loop

}

MW3=0;

h3p=0;

mf3=0;

flag1=0; /I first loop has equilibrium code make first mole fraction guess

for(i=0;i<steps;i++) /I step through zone 3

{
10=11; // length at start of step
r0=I0*an*angle; /I radius at start
11=11s; /I length at end
rl=l1*an*angle; /I redius at end

v=(PI/3)* (r0*rO* [0-r1*r1*|1)/12000000000; // step volume moving from tip
if(flag7==1 & & flag9==1)
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v=(PI/3)* (r1*r1*11-r0*r0*10)/1000000000; // step volume moving

from zone 2
}
m=rhoa*v; /I @r massin step
mb5in=m-m2ain; /I mass from zone 5in step

hrl=(m2ain/MWa* h2a+m5in/MWa* h5a)/(m2ain/MWa+m5in/MWa);

/I enthalpy of reactantsin step
liquidl(ll,fuel ,fuelcomp, Tinj, Tsm,rhoa,AFst,Ufuel inj, MWa,Cpas,te,0,angle,1 1);
mfuel=fuel[7]* mfdt* (time0-11[6]); // fuel massin step movingfrom tip
if(11[6]>time0)

mfuel=fuel[7]* mfdt* (11[6]-time0); // fuel massin step moving from
zone2

}
if(II[7]<1.3)
{

flag7=1; /I change direction of steps when phi at tip reaches 1.3

}
if(flagl==0)
ad3[0]=1900; /I flag setsinitial temperature guess for loop
calculation
flag2=1;
}
adiabatic(ad3,P,hr1,x3afuelcomp,li[7] flagl,flag2,nol); I determine
temperature at position x using adiabatic flame
flagl=1; /I efter first loop uses result from last loop as temperature and
mole fraction guess for next loop
flag2=1;
T3m=T3m+ad3[0]* (m+mfuel);  // sum mass*temperature for zone 3
m3=m3+m; // total air mass in zone 3
mf3=mf3+mfuel; // total fuel massin zone 3
time0=I1[6];

for(ii=0;ii<21L;ii++)
ms3[ii]=ms3[ii]+x3alii]* (m+mfuel); /] total mass of individual

products in zone 3
x3a[ii]=0;

}
T3p=ad3[0]; /I temperature and enthalpy of step next to zone 2 for premixed burn

model
h3p=ad3[1];
ms5=ms5a (m1+m2+m3)*holes; // massinzone5
MW3=0;

for(i=0;i<21;i++)
{

x3[i]=ms3[i]/(m3+mf3); // mole fractions of productsin zone 3
MW3=MW3+x3[i]* MWI[i]; /I molecular weight of productsin zone 3

}
x3fuel=0;

/I premixed burn duration model
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if(m3>0)
{

if(flag6==0)
{

Tpm=T2r; /Il temperature at the start of the model (temperature
at the end of zone 2)

cfuel=1-(1/(1+VAF23)); //fuel molefraction
xfuelpma=cfuel; // saveinitial fuel mole fraction
cO2=x5[7]* (1-cfuel); /I oxygen mole fraction
h2r=0;

enthalpy(T2r,h,Cp);

for(i=0;i<21;i++)

h2r=h2r+x5[i]* (1-cfuel)*h[i]; /I enthalpy of air for last
zone 2 temp
}
trf=T2r/1000; /I reduced temperature for fuel enthalpy curve fit
hfuel=4184* (-9.1063* trf+246.97* trf* trf/2 -143.74* trf* trf* trf/3+

32.329* trf* trf* trf* trf/4-.0518/trf-50.128);

/I fuel enthalpy curve fit (for diesel fuel)
h2r=h2r+cfuel*hfuel; /I enthalpy from zone 2 including fuel
cfuel=cfuel* P/(Ru* Tpm)/1000;  // fuel concentration
¢c02=c02* P/(Ru* Tpm)/1000; /I oxygen concentration
cO2a=c02; /l save initial oxygen concentration

/I slopes below allow calculation of oxygen concentration temperature

and enthalpy assuming the changes are linear between the end of zone

2 and the beginning of zone 3

sl1=cO2/cfuel; /I change of oxygen concentration with changing fuel
concentration

§12=(T3p-T2r)/cO2; /I change of temperature with changing

oxygen concentration
timepm=0;
d

dfuel=-380000000000* exp(( -15098)/T pm)* pow(cfuel,.25)
*pow(cO2,1.5)*.25/(.006* RPM)/1000;
/I change in fuel concentration

cfuel=cfuel+dfuel; /I new fuel concentration

if (cfuel<=0)

{

}
cO2=sl1*cfuel; // oxygen concentration using above slope
Tpm=T2r+sl2* (cO2a-cO2); // temperature using above slope
xfuelpm=cfuel* Ru*T2r*1000/P;  // mole fraction of fuel
xairpm=xfuelpm* AF23; // mole fraction of unburned air
xafbpm=1-(xairpm+xfuelpm); /I molefraction of
products

hpm=h2r* (xfuel pm+xairpm)/MWa+h3p* xaf bpm/MW3;

/I energy in premixed burn
hpm=holes* ((m2+mf2)+(m3+mf3))* hpm;

cfuel=0; // insures concentration can't go negative

if(hpm-holes* ((Mm2+mf2)+(m3+mf3))*h2r/Mwa
>=holes* (mf1)*fuel[2])

140



}

timepm=timepm-+.25/(.006* RPM); // if the change in
energy for the premixed burn is greater than the
energy required to vaporize the fuel then add time to
the premixed burn duration

}
}while(cfuel>0.000001); /I when the fuel concentration is
small end loop
flag6=1; /I insures premixed burn duration only calculated once

/I Heat Release model

liquidi(ll,fuel ,fuelcomp,Tinj,Tsm,rhoa,AFs,t,Ufuel ,inj, MWa,Cpas,te,0,angle,Lf);
tifg=l1[6]; /I time to reach lift-off length for the heat release model
mfg=mfS (tifgte)* mfdt*fuel[7]; // fuel burned in heat release
rlf=Lf*an*angle;

mag=ml+m2+m3+me-rhoa* (PI/3)* (rlIf*rIf*Lf)/1000000000; // air in heat

release

if(t>tstoic & & tstoic!=0) // equivalence ratio and products for spray beyond

{

phi=1

mags=mil+m2+m3+me mgoic; /I mass of air beyond flame | ength

mfgs=mfdt* (t-tstoic)* fuel[7]; /I mass of fuel beyond flame length

phi=(AFs* MWalfuel[7])/(mags/mfqs); /I equivalence ratio
beyond flame length

phia=phi; /I save phi

rst[0]=(C+0.25* H-0.5* O)/phi; /Ir0 /I simplifying constants
for stoichiometry

rst[1]=0.5* O+rst[0]; IIr
rst[2]=0.5* N+3.7274* rst[0]; '
rst[3]=0.0444*rst[0]; lls

Nsum=H/4+rst[2]+rst[3]+rst[0] +O/2;

// total number of moles

x3b[7]=(rst[0]+O/2-C-H/4)/Nsum; // O2 /I products beyond flame
length assuming ideal combustion

x3b[8]=(H/2)/Nsum; /IH20

x3b[9]=C/Nsum; /I CO2

x3b[10]=rst[2]/Nsum; 1IN2

x3b[11]=rst[3]/Nsum; 11 Ar

x3fuel=0;

enthal py(298,h,Cp);

MWPs=0;

HRs=0;

HPs=0;

Xsum=0;

for(i=0;i<21;i++) // energy beyond phi=1 at 298 K

HRs=HRs+x5[i]*h[i]; /I enthalpy of reactants
HPs=HPs+x3b[i]*h[i];  // enthalpy of products
MWPs=MWPs+x3b[i]* MW[i]; /I molecular weight of

products
xsum=xsum-+x3bJ[i]; /I add up mole fractions
x3b[i]=0;
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if(t>tstoic & & tstoic!=0) // equivalence ratio and products for spray before

phi=1

{

mag=magmags, /I air before flame length

mfg=mfgmfgs; /I'fuel before flame length
}
phi=(AFs* MWa/fuel[ 7])/((mag)/(mfq)); /I equivalence ratio before flame

length

rst[0]=(C+0.25* H-0.5* O)/phi; /I simplifying constants for stoichiometry

rst[1]=1-1/phi;

rst[2]=C-rst[1]*C;

rst[3]=H/2 -rst[1] * H/2;

rst[4]=N/2 -rst[1]* N/2+rst[0]* 3.7274;

rst[5]=rst[0]*.0444;

Nsum=rst[1]+rst[2] +rst[3]+rst[4] +rst[5];  // total number of moles

x3b[8]=rst[3]/Nsum; /IH20 /I products before flame length
assuming ideal combustion

x3b[9]=rst[2]/Nsum; /I CO2

x3b[10]=rst[4]/Nsum; 1IN2

x3b[11]=rst[5]/Nsum; 11 Ar

x3fuel=rst[1]/Nsum; /l unburned fuel

enthal py(298,h,Cp);

MWP=0;

HR=0;

HP=0;

Xsum=0;

for(i=0;i<21;i++) /1 energy before phi=1 at 298 K

{ HR=HR+x5[i]*h[i]; /I enthalpy of reactants
HP=HP+x3b[i]*h[i]; /I enthalpy of products
MWP=MWP+x3b[i]* MWTIil; /I molecular weight of products
xsum=xsum+x3bJ[i]; /I add up mole fractions

}

xsum=xsum+x3fuel; /I add mole fractions including fuel

hfuel=4184*(-9.1063* .298+246.97* .298* .298/2 - 143.74* .298* .298* .298/3+
32.329*.298* .298* .298*.298/4-.0518/.298-50.128);
I enthalpy of fuel at 298 K

HP=HP+x3fuel*fuel[5]; // enthalpy of products including unburned fuel

MWP=MWP+x3fuel*fuel[7]; /I molecular weight of products including

unburned fuel

MWR=((mag+mags)* MWat+(mfg+mfqs)* fuel[7])/(mag+mfg+mags+mfqs);

/I molecular weight of the reactants unto flame length and beyond

flamelength
HR=((mag+mags)* (HR/MWa)+(mfg+mfqgs)* (hfuel)/fuel[7])/
(mag+mfg+mags+mfgs); /I enthalpy of the reactants up to

flame length and beyond flame length

Qn=-((HP/MWP)* (mag+mfq)/(mag+mfg+mags+mfqgs)+
(HPS'MWPs)* (magst+mfgs)/(mag+mfg+mags+mfqs) -
HR)* ((mag+mfg+mags+mfqs));  // heat released by fuel burning

}

trf=T/1000;

hfuel=4184* (-9.1063* trf+246.97* trf* trf/2 -143.74* trf* trf* trf/3+32.329* trf* trf* trf* trf/4-
.0518/trf-50.128)-fuel[5]; // fuel enthalpy at cylinder temperature

mfn=mf1+mf2+mf3; // total fuel massin this CA step

mfst=mfn-mfo; /I added fuel massin CA step
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mfo=mfn; /I save old fuel mass for next loop
enthalpy(Tsm,h,Cp);

enthalpy(fuel[1],h1,Cp);
for(hT=0,hTs=0,i=0;i<21;i++)

{
hT=hT+x5[i]*h[i]; /I enthalpy of air at spray model temperature
hTs=hTs+x5[i]*h1[i]; /I enthalpy of air at fuel boiling temperature
}
if (t<=tid)
Qs=mlc* (hT-hTs)/MWg; /I energy to vaporize fuel
}
if(m3>0)
{
Qs=0; /I after ignition turn off vaporization
}
if(t>=tid & & flag8==0) // slow premixed burn spike
{
Qid=QnQo; /I heat released in first step (at ignition delay)
tg=.25/(.006* RPM); /I time for aCA
tqt=(timepm*.006* RPM*tg*4);  // total time for premixed burn
flag8=1; /I insures only calculate this once

}
if(t>=tid & & tg<=tqt)
{

Qn=0Qn-Qid+Qid* (1-(.5* cos(PI*tg/tqt)+.5)); /I function spreads heat
release from first step over time given by premixed burn model using a
cosine function

tg=tg+.25/(.006*RPM);  // adds tq to know when premixed burn is over

}
w=C1+C2*Vd* Tr/(Pr*Vr)* (P-Pm); /I heat transfer model variable

hc=(3.26* pow(B, -.2)* pow(P,.8)* pow(T,-.55)* pow(w,.8)/1000)* Ach* (T -600)*
(.25/(.006* RPM))/1000;  // heat transfer

/Ihc=0; [/ zeros heat transfer correlation - can be uncommented to neglect heat transfer

Qstep=0Qn-Qo-Qs-.25*hc/holes; /I hesat release for 1/4 CA step

if(m3<=0)
Qstep=Qs; /I heat release is vaporization only before ignition
MWP=1,

}

Qo=Qn; /Il update variables

Qn=0;

U2=U1-P*(Vf-Vi)+Qstep* holes+tmfst* hfuel* holes/fuel[7];  // interna energy

/I secant method using enthalpy to get avg Temperature

Tal=T, /I temperature guesses for secant method
Ta2=T+50;

trf=Tal/1000;

enthalpy(Tal,h,Cp);

for(E=0,Ea=0,i=0;i<21;i++)

E=E+x5[i]* (h[i]-hf[i]);
/I a@r enthalpy at first temperature guess
Ea=Ea+x3b[i]* (h[i] -hf[i]);
/I products enthalpy at first temperature guess
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}

hfuel=4184* (-9.1063* trf+246.97* trf* trf/2 -143.74* trf* trf* trf/3+32.329* trf* trf* trf* trf/4-
.0518/trf-50.128)-fuel[5] ; // fuel enthalpy at first temperature guess

Ea=Ea+x3fuel*hfuel;

E=E* (ms5a-(mag+mags)* hol es)/M Wa+Ea* holes* (mag+mfg+mags+mfgs)/MWP+

hfuel* holes* (mfS mf g-mfqs)/fuel[ 7] -P* (Vf); /I total enthalpy at first
temperature guess
q0=U2-E; /I secant method function at first temperature guess
trf=Ta2/1000;
enthalpy(Ta2,h,Cp);
for(E1=0,Eal=0,i=0;i<21;i++)
E1=E1+x5[i]* (h[i] -hf[i]); /I ar enthalpy at second temperature guess
Eal=Eal+x3b[i]* (h[i]-hf[i]); /I products enthalpy at second temperature
guess

]r’1f uel=4184* (-9.1063* trf+246.97* tri* trf/2 -143.74* tri* trf* trf/3+32.329* trf* trf* tri* trf/4-

.0518/trf-50.128)-fuel[5]; // fuel enthalpy at second temperature guess
Eal=Eal+x3fuel*hfuel;
E1=E1* (ms5a-(mag+mags)* holes)/MWat+Eal* holes* (mag+mfg+mags+mfas)/MWP+

hfuel* holes* (mfS mfg-mfgs)/fuel[ 7] -P* (Vf); // total enthalpy at second

temperature guess

q1=U2-E1; /I secant method function at second temperature guess
do
{

dog=(g1-q0); /I change in function

Ta3=Ta2-ql*((Ta2-Tal)/dq); /I new temperature guess

Tal=Ta2; /I update variables

go=q1;

Ta2=Ta3;

trf=Ta3/1000;

enthalpy(Ta3,h,Cp);

for(E2=0,Ea2=0,i=0;i<21;i++)

{

E2=E2+x5[i]* (h[i] -hf[i]); // air enthalpy at subsequent temperature
guess
Ea2=Ea2+x3b[i]* (h[i]-hf[i]); /I products enthalpy at subsequent
temperature guess

}
hfuel=4184* (-9.1063* trf+246.97* trf*trf/2 -143.74* trf* trf* trf/3+
32.329* trf*trf*trf*trf/4-.0518/trf-50.128) -fuel [5]; /I fuel enthalpy at
subsequent temperature guess
Ea2=Ea2+x3fuel* hfuel;
E2=E2* (msba-(mag+mags)* holes)/MWa+
Ea2* holes* (mag+mfg+mags+mfgs)/MWP+
hfuel* holes* (mfS mfg-mfgs)/fuel[ 7] -P* (Vf); /I total enthal py
at subsequent temperature guess
q1=U2-E2; /I secant method function at subsequent temperature guess
}while(fabs(gq1)>.00001); /I end when function small
enthalpy(Ta3,h,Cp);
for(Cp5=0,Cp3=0,i=0;i<21;i++)

Cp5=Cp5+x5[i]*Cp[i]; /I specific heat of air
Cp3=Cp3+x3b[i]*Cpli] ; // specific heat of products

}
trf=Ta3/1000;
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Cpf=4.184*(-9.1063+246.97* trf -143.74* trf* trf+32.329* trf* trf* trf+.0518/(trf* trf));
/I specific heat of fuel

Cp3=Cp3+x3fuel* Cpf;

Cpt=(Cp5* (msba (mag+mags)* hol es)+Cp3* hol es* (mag+mfg+mags+mfqs)+
fuel[0]* holes* (mfS mfg-mfgs))/(ms5a+mfS); I avg specific heat

T=Ta3; /I new cylinder Temperature

P=((ms5a (mag+mags)* hol es)/MWa+hol es* (mag+mfg+mags+mfqs)/MWP+
holes* (mfS mfg-mfgs)/fuel[7])* Ru* T/(VT); // new cylinder pressure

Ul=U2; /I update energy

enthalpy(T1m/(m1+mfl),h,Cp);  // enthalpies at zone 1 temperature

hla=0;

h1p=0;

for(i=0;i<21;i++)

hla=hla+x5[i]* (h[i}hf[i]); /I air enthalpy in zone 1
hlp=h1p+x4[i]* (h[i] -hf[i]); /I product enthalpy in zone 1
}
mlfv=(mal* (h5a-hla)/MWa)/(fuel[2]); /I fuel enthalpy in zone 1
El=(mal*hla/MWat+(mpl+mfpl)* h1p/MW4+mifv*fuel[2]);
I energy in zone 1
enthalpy(T2m/(m2+mf2),h,Cp);  // enthalpies at zone 2 temperature
h2a=0;
h2p=0;
for(i=0;i<21;i++)

h2a=h2a+x5[i]* (h[i]-hf[i]); /I air enthalpy in zone 2
h2p=h2p+x4[i1* (h[i] -hf[i]); /I product enthalpy in zone 2

}

E2=(m2a* h2a/M Warm2p* h2p/MW4+mf 2u* fuel [0]* (T2m/(m2+mf2) fuel [1]));
[/ energy in zone 2

enthalpy(T3m/(m3+mf3),h,Cp);  // enthalpies at zone 3 temperature

h3p=0;

for(i=0;i<21;i++)

h3p=h3p+x3[i]* (h[i] -hf[i]); /I product enthalpy in zone 3

}
E3=((m3+mf3)*h3p/MW3); /I energy in zone 3
if(m1<=0) /I set energies of zonesto zero if zone doesn't exist

{
E1=0;

}
if(m2<=0)
{
E2=0;
}
if(m3<=0)
E3=0;
}
E5=U2-(E1+E2+E3)* holes+P* Vf; /I energy in zone 5
/I secant method using energy in zone 5 to get Temperature of zone 5
Tal=1000; /I temperature guesses
Ta2=T+50;

trf=Tal/1000;
enthalpy(Tal,h,Cp);
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for(E=0,i=0;i<21;i++)

{
E=E+x5[i]* (h[i]-hf[i]);  // zone 5 energy at first guess
}
qO0=E5*MWa/(msb)-E;  // secant method function at first guess
enthalpy(Ta2,h,Cp);
for(Eal=0,i=0;i<21;i++)
{
Eal=Eal+x5[i]* (h[i]-bf[i]); /I zone 5 enagy a second guess
}
gql=E5*MWa/(ms5)-Eal; // secant method function at second guess
do
{
do=(q1-q0);
Ta3=Ta2-ql*((Ta2-Tal)/dg);
Tal=Ta2;
q0=q1;
Ta2=Ta3;
enthalpy(Ta3,h,Cp);
for(Ea2=0,i=0;i<21;i++)
Ea2=Ea2+x5[i]* (h[i]-hf[i]); /I zone 5 energy at subsequent
guess
q1=E5* MWa/(msb)-Ea2; /I secant method function at subsequent
guess
}while(fabs(g1)>.00001);
T5=Ta3; /I zone 5 Temperature
V5=((ms5/holes)/MWa* Ru* T5)/P; /I zone 5 volume
Vsg=Vf/holes V5; /I actua spray volume
Ecyl2=holes* (E1+E2+E3)+E5-P* Vf; /I cylinder energy using zone energies

Ttot=(holes* (T1m+T2m+T3m)+T5* ms5)/(holes* (m1+mf1+m2+mf2+m3)+ms5);
/I mass averaged temperature for all zones
Ecyl=Ecyl-P*(Vf-Vi); /I cylinder energy using PdV
fprintf (output,"%.2If %lf %l f %l f %l f %l f %.10If 9%.10If
%.10If %.10lf\n",(S+j/4),T,P,V{*1000,t,U2,Ecyl2,LL,LS,hc); /I print
output file
Vi=Vf; [/ update volume
printf("CA=%.2If\n",S+j/4); /I print crank angle to the screen to watch progress
fprintf(check,"%.10lf %.10If %.10lf %.10lf %.10If %.10lf %.10lf %.10If
%.10lf 9%.10If %.10If\n",S+j/4,S+tid*.006* RPM,S+dur*.006* RPM,
S+tstoic*.006* RPM ,timepm* .006* RPM,L S,E1,E2,m3,tstoic, Tad); I/ print
check file
j+t; /I add for next theta calculation
}while(phi>=1.1 || phi==0 || Qstep>0); // end when all fuel isburned and all heat is released
in1[0]=T; /I send variablesto main
inl[1]=P;
in1[2]=Vf;
in1[3]=(S+j/4);
in1[6]=Ecyl2;
in1[7]=Pm;
inl[8]=Tm;
fclose(check);
return; /I return to main program
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/*

>/

/* product enthalpy and Cp curve fits from Turns ~ */

/* units */
/¥ h=kJkmol */
¥ Cp=kJkmol*K */

void enthalpy(double T, double h[], double Cp[])
{

inti;

/' hfit=hO/Ru*T  Cp fit=Cp/Ru

if (T < 1000) /I curve fits below 1000 K

{

h[0]= (2.50000000)+ (2.547162e+4)/T;  /iH

h[1]= 2.94642800 - (1.63816650e 3/2)* T + (2.42103100e-6/3)* T*T -
(1.60284310e-9/4)* T*T*T + (3.89069600e 13/5)* T*T*T*T +
2.91476400e+4/T; /1o

h[2]= 2.50307100 - (2.18001800e-5/2)* T + (5.42052900e-8/3)* T*T -
(5.6475600e-11/4)* T*T*T + (2.09990400e-14/5)* T*T*T*T +
5.60989000e+4/T; /IN

h[3]= 3.29812400 + (8.24944100e-4/2)* T - (8.14301500e-7/3)* T*T -
(9.4754340e-11/4)* T*T*T + (4.13487200e-13/5)* T*T*T*T -
1.01252090e+3/T; I1H2

h[4]= 3.63726600 + (1.85091000e-4/2)* T - (1.67616460e-6/3)* T*T +
(2387202006 9/4)* T*T*T - (8.43144200e 13/5)* T*T*T*T +
3.60678100e+3/T; /1 OH

h[5]= 3.26245100 + (1.51194090e-3/2)* T - (3.88175500e-6/3)* T*T +
(5.581944006-9/4)* T*T*T - (2.47495100e-12/5)* T*T*T*T -
1.43105390e+4/T; /I CO

h[6]= 3.37654100 + (1.25306340e-3/2)* T - (3.30275000e-6/3)* T*T +
(5.21781000e-9/4)* T*T* T - (2.44626200e-12/5)* T* T*T*T +
9.81796100e+3/T; IINO

h[7]= 3.21293600 + (1.12748640e-3/2)* T - (5.75615000e-7/3)* T*T +
(1.31387730e-9/4)* T*T*T - (8.76855400e-13/5)* T*T*T*T -
1.00524900e+3/T; 1102

h[8]= 3.38684200 + (3.47498200e-3/2)* T - (06.35469606-6/3)* T*T +
(6.96858100e-9/4)* T*T*T - (2.50658800e-12/5)* T* T*T*T -
3.02081100e+4/T; /I H20

h[9]= 2.27572400 + (9.92207200e-3/2)* T - (1.04091130e-5/3)* T*T +
(6.866686008-9/4)* T*T*T - (2.11728000e 12/5)* T*T*T+T -
4.83731400e+4/T; /1 CO2

h[10]= 3.29867700 + (1.40824040e 3/2)* T - (3.96322200e-6/3)* T*T +
(5641515008 9/4)* T*T*T - (2.44485400e 12/5)* T+ T*T*T -
1.02089990e+3/T; IIN2

h[11]=20.786* (T -298); I Ar

h[12]= 3.68923622 + (2.21810144e 3/2)* T + (5.23238676e-6/3)* T*T -
(6.63176827e-9/4)* T*T*T + (2.60202183e-12/5)* T*T*T*T +
1.62901205e+4/T; /I CH3

h[13]= 4.41637060 - (8.70015194e-3/2)* T + (3.76291670e-5/3)* T*T -
(3.77618177-8/4)* T*T*T + (130862920 11/5)* T* T*T*T -
1.01996733e+4/T; /I CH4

h[14]=-.511756038 + (3.30314770e-2/2)* T - (6.05469976e-5/3)* T*T +
(5.564862516-8/4)* T*T*T - (1.947038926 LI/5)* T*T*T*T +
2.63899141e+4/T; I/ C2H2

h[15]= 1.32064875 + (1.15017616e 2/2)* T + (9.19263758e-6/3)* T*T -
(1.906071466-8/4)* T*T*T + (8.37926993e 12/5)* T*T*T*T +
5.35820211e+3/T; /I C2H4
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h[16]=

h[17]=

h{18]=

h{19]=

h[20]=

Cpl[0]=
Cp[1]=

Cp[2)=
Cp[3]=
Cpl4]=
Cp[5]=
Cpl6]=
Cp[7]=
Cp[8]=

Cpl9)=

1.28342106 + (2.136452326-2/2)* T - (6.21251824e 5/3)* T*T +
(8.200451126-8/4)* T*T*T - (3.87470151e LI/5)* T*T*T*T +
1.92381451e+4/T; 1/ NH2

3.80198217 - (1.28349450e-3/2)* T + (1.35478900e-5/3)* T*T -
(1.460199906-8/4)* T*T*T + (5.34854690e 12/5)* T*T*T*T -
6.69042791e+3/T; /INH3

1.53227086 + (1.558891726-2/2)* T - (2.82817979 5/3)* T*T +
(2.705348046-8/4)* T*T*T - (9.89830250e- 12/5)* T*T*T*T +
1.53063256e+4/T; //HCN

4.82297645 - (7.66026577e-3/2)* T + (2.57241316€ 5/3)* T*T -
(2.76736722e-8/4)* T*T*T + (1.04823181e 11/5)* T*T*T*T +
1.84213318e+2/T; //HCO

2.46718716 + (1.02134320e 2/2)* T - (1.509302966-5/3)* T*T +
(1.303190126-8/4)* T*T*T - (4.51091001e 12/5)* T*T*T*T +
5.62001687e+4/T; /I C2H

2.5; IIH
2.94642800 - (1.63816650e-3)*T + (2.42103100e 6)* T*T -
(1.60284310e-9)* T*T*T + (3.89069600e-13)* T* T*T*T;
2.50307100 - (2.18001800e-5)*T + (5.42052900e 8)* T*T -
(5.6475600e-11)*T*T*T + (2.09990400e-14)* T*T*T*T;
3.29812400 + (8.24944100e-4)* T - (8.14301500 7)* T*T -
(9.4754340e- 11)*T*T*T + (4.13487200e- 13)* T* T*T* T,
3.63726600 + (185091000e-4)* T - (1.67616460e-6)*T*T +
(2.38720200e-9)* T*T* T -(8.43144200e- 13)*T*T*T*T;
3.26245100 + (1.51194090e-3)*T - (3.88175500e-6)* T* T +
(5.58194400e-9)* T*T*T - (2.47495100e- 12)* T*T*T*T;
3.37654100 + (1.25306340e-3)* T - (3.30275000e-6)* T*T +
(5.21781000e-9)* T*T* T - (2.44626200e- 12)* T*T*T*T;
3.21293600 + (1.12748640e-3)* T - (5.75615000e- 7)* T* T +
(1.31387730e-9)* T*T*T - (8.76855400e- 13)* T* T*T*T;
3.38684200 + (3.47498200e-3)* T - (06.3546960e-6)* T* T +
(6.96858100e-9)* T*T* T - (2.50658800e- 12)* T* T*T*T;
2.27572400 + (9.92207200e-3)* T - (1.04091130e-5)*T*T +
(6.866686006-9)* T*T*T - (2.11728000e- 12)* T*T*T*T;

Cp[10]= 3.29867700 + (1.40824040e-3)* T - (3.96322200e-6)* T*T +

(5.64151500e-9)* T*T* T - (2.44485400e- 12)* T*T*T* T,

Cp[11]=20.786; // Ar
Cp[12]= 3.68923622 + (2.21810144e-3)* T + (5.23238676e-6)* T*T -

(6.63176827e-9)* T*T*T + (2.60202183e- 12)* T* T* T*T;

Cp[13]=4.41637060 - (8.70015194e-3)* T + (3.76291670e-5)* T*T -

(3.77618177e-8)* T*T*T + (1.30862920e 11)* T*T*T*T;

Cp[14]=-.511756038 + (3.30314770e-2)*T - (6.05469976e-5)*T*T +

(5.56486251e-8)* T*T*T - (1.94703892e- 11)* T*T*T*T;

Cp[15]= 1.32064875 + (1.15017616e-2)* T + (9.19263758e-6)* T*T -

(1.90607146e-8)* T*T*T + (8.37926993e-12)* T*T*T*T,

Cp[16]= 1.28342106 + (2.13645232e-2)* T - (6.21251824e-5)* T*T +

(8.20045112e-8)* T*T* T -(3.87470151e- 11)* T*T*T* T,

Cp[17]=3.80198217 - (1.28349450-3)* T + (1.35478900e-5)* T*T -

(1.46019990e-8)* T*T* T + (5.34854690e-12)* T*T*T* T,

Cp[18]= 1.53227086 + (1.55889172e-2)* T - (2.82817979%-5)* T*T +

(2.70534804e-8)* T*T* T -(9.89830250e- 12)* T* T*T* T,

Cp[19]=4.82297645 - (7.66026577e-3)* T + (2.57241316e-5)* T*T -

(2.76736722e-8)* T*T*T + (1.04823181e 11)* T*T*T*T,

Cp[20]= 2.46718716 + (1.02134320e-2)* T - (1.50930296e-5)* T*T +

(1.30319012e-8)* T*T* T - (4.51091001e- 12)* T*T*T* T,
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/I curve fits above 1000 K

h[O]= (25)  + (2.547162e+4)/T; I/ H

h{1]= 2.54205900 - (2.75506100e-5/2)* T - (3.10280300e-9/3)* T*T +
(4.55106700e 12/4)* T*T*T - (4.36805100e- 16/5)* T*T*T*T +
2.92308000e+4/T; /1o

h[2]= 2.45026800 + (106614580e-4/2)* T - (7.46533700e-8/3)* T*T +
(1.87965200e 11/4)* T*T*T - (1.02598390e- 15/5)* T*T*T*T +
5.61160400e+4/T; /IN

h[3]= 2.99142300 + (7.00064400e-4/2)* T - (5.63382800e-8/3)* T*T -
(9.231578006- 12/4)* T*T*T + (1.58275190e 15/5)* T*T*T*T -
8.35034000e+2/T; 11 H2

h{4]= 2.88273000 + (1.01397430e-3/2)* T - (2.27687700e-7/3)* T*T +
(2.17468300e 11/4)* T*T*T - (5.12630500e- 16/5)* T*T*T*T +
3.88688800e+3/T; /1 OH

h{5]= 3.02507800 + (1.44268850e-3/2)* T - (5.63082700e-7/3)* T*T +
(1018581306 10/4)* T*T*T - (6.91095100e- 15/5)* T*T*T*T -
1.42683500e+4/T; /I CO

h[6]= 3.24543500 + (1.26913830e-3/2)* T - (5.01589000e-7/3)* T*T +
(9.16928300e 11/4)* T*T*T - (6.27541900e-15/5)* T*T*T*T +
9.80084000e+3/T; IINO

h[7]= 3.69757800 + (6.13519700e-4/2)* T - (1.25884200e-7/3)* T*T +
(1.77528100e 11/4)* T*T*T - (1.13643540e- 15/5)* T*T*T*T -
1.23393010e+3/T; 1102

h[8]= 2.67214500 + (3.05629300e-3/2)* T - (8.73026000e-7/3)* T*T +
(1.200996406-10/4)* T* T*T - (6.39161800e-15/5)* T*T*T*T -
2.98992100e+4/T; /I H20

h[9]= 4.45362300 + (3.14016800e-3/2)* T - (1.27841050e-6/3)* T*T +
(2393996006 10/4)* T*T*T - (1.66903330e-14/5)* T*T*T*T -
4.89669600e+4/T; /1 CO2

h{10]= 2.92664000 + (1.48797680-3/2)* T - (5.68476000e 7/3)* T*T +
(1.00970380e 10/4)* T*T*T - (6.75335100e- 15/5)* T* T*T*T -
9.22797700e+2/T; 1IN2

h[11]=20.786*(T-298); /I Ar

h[12]= 2.22212302 + (7.391331063/2)* T - (3.11253645e 6/3)* T*T +
(6.380168456 10/4)* T*T*T - (5.17254389e-14/5)* T*T*T*T +
1.66655631e+4/T; /I CH3

h[13]= .392678561 + (1.28941183 2/2)* T - (5.77810964e 6/3)* T*T +
(1.246670296-9/4 )* T*T*T - (1.053580466-13/5)* T+ T*T*T -
9.61781722e+3/T; /I CH4

h[14]=90.13224340 - (1.73064598e-1/2)* T + (1.29168005e-4/3)* T*T -
(3.998318266-8/4 )* T*T*T + (4.36915115e-12/5)* T*T*T*T -
5.24468020e+3/T; I/ C2H2

h[15]= 2.23392408 + (1.42680731e 2/2)* T - (6.47812640e-6/3)* T*T +
(1.414701556-9/4 }* T*T*T- (1.20851028e-13/5)* T+ T*T*T +
4.86652922e+3/T; /I C2H4

h[16]= 2.31926713 + (4.101246383/2)* T - (157101097 6/3)* T*T +
(2.895796926 10/4)* T*T*T - (2.09174615e- 14/5)* T*T*T*T +
1.94327270e+4/T; 1/ NH2

h[17]= 2.04193887 + (6.84131719e 3/2)* T - (2.51635499e-6/3)* T*T +
(4540175406 10/4)* T*T*T - (3.31789419e- 14/5)* T+ T*T*T -
6.32570110e+3/T; /INH3

h[18]= 3.42707507 + (3.95250318-3/2)* T - (1.64192919e 6/3)* T*T +
(3.34262947e-10/4)* T*T*T - (2.68528684e-14/5)* T*T*T*T +
1.50552866e+4/T; /IHCN
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h[19]= 2.87342861 + (4.43037238e-3/2)* T - (2.08366110e-6/3)* T*T +
(4.71108668e-10/4)* T*T* T - (4.16096466e-14/5)* T* T*T*T +
4.26296671e+2/T; /[HCO

h[20]= 3.88308949 + (3.48532441e-3/2)*T - (1.60351781e-6/3)* T*T +
(4.19655298e-10/4)* T*T* T - (4.34906660e-14/5)* T*T*T*T +
5.60013939e+4/T; /I C2H

Cp[0]= 2.5; I'H
Cp[1]= 2.54205900 - (2.75506100e-5)* T - (3.10280300e-9)* T*T +
(4.55106700e-12)* T*T*T - (4.36805100e-16)*T*T*T*T; /IO
Cp[2]= 2.45026800 + (1.06614580e-4)* T - (7.46533700e-8)*T*T +
(1.87965200e-11)* T*T*T - (1.02598390e-15)* T*T*T* T, IIN
Cp[3]= 2.99142300 + (7.00064400e-4)* T - (5.63382800e-8)* T*T -
(9.23157800e-12)* T*T* T + (1.58275190e-15)* T*T*T*T; I/ H2
Cp[4]= 2.88273000 + (1.01397430e-3)*T - (2.27687700e 7)*T*T +
(2.17468300e-11)* T*T*T - (5.12630500e-16)* T*T*T* T, // OH
Cp[5]= 3.02507800 + (1.44268850e-3)* T - (5.63082700e 7)*T*T +
(1.01858130e-10)* T*T*T - (6.91095100e-15)* T*T*T*T; /I CO
Cp[6]= 3.24543500 + (1.26913830e-3)* T - (5.01589000e- 7)*T*T +
(9.16928300e-11)* T*T*T - (6.27541900e-15)* T*T*T*T; /INO
Cp[7]= 3.69757800 + (6.13519700e-4)* T - (1.25884200e- 7)*T*T +
(1.77528100e-11)* T*T*T - (1.13643540e-15)* T*T*T*T; 1102
Cp[8]= 2.67214500 + (3.05629300e-3)* T - (8.73026000e- 7)*T*T +
(1.20099640e-10)* T*T* T - (6.39161800e-15)*T*T*T*T;  //H20
Cp[9]= 4.45362300 + (3.14016800e-3)* T - (1.27841050e-6)*T*T +
(2.39399600e-10)* T*T* T - (1.66903330e-14)*T*T*T*T;  // CO2
Cp[10]= 2.92664000 + (1.48797680e-3)* T - (5.68476000e-7)* T*T +
(1.00970380e-10)* T*T*T - (6.75335100e-15)* T*T*T*T, /I N2
Cp[11]=20.786; // Ar
Cp[12]= 2.22212302 + (7.39133106-3)* T - (3.11253645e-6)* T*T +
(6.38016845e-10)* T*T* T - (5.17254389¢-14)*T*T*T*T;  // CH3
Cp[13]= .392678561 + (1.28941183e-2)* T - (5.77810964e-6)* T*T +
(1.24667029¢-9 )*T*T*T - (1.05358046€ 13)* T*T*T*T; /I CH4
Cp[14]=90.13224340 - (1.73064598e-1)* T + (1.29168005e-4)* T*T -
(3.99831826€-8 )* T*T*T + (4.36915115e-12)* T* T*T*T; /I C2H2
Cp[15]= 2.23392408 + (1.42680731e-2)* T - (6.47812640e-6)* T*T +
(1.41470155e9 )*T*T*T - (1.20851028e- 13)* T* T*T* T, /I C2H4
Cp[16]= 2.31926713 + (4.10124638e-3)* T - (1.57101097e-6)* T*T +
(2.89579692e- 10)* T*T*T - (2.09174615e-14)* T*T*T*T, /I NH2
Cp[17]= 2.04193887 + (6.84131719e-3)*T - (2.51635499e-6)*T*T +
(4.54017540e- 10)* T*T*T - (3.31789419e-14)* T*T*T* T, /I NH3
Cp[18]= 3.42707507 + (3.95250318e-3)*T - (1.64192919%e-6)*T*T +
(3.34262947e- 10)* T*T*T - (2.68528684e-14)* T*T*T* T, /IHCN
Cp[19]= 2.87342861 + (4.43037238e-3)* T - (2.08366110e-6)*T*T +
(4.71108668e-10)* T*T*T - (4.16096466e-14)* T*T*T* T, /IHCO
Cp[20]= 3.88308949 + (3.48532441e-3)* T - (1.60351781e-6)* T*T +
(4.19655298e-10)* T*T* T - (4.34906660e- 14)*T*T*T*T; /I C2H

}
for(i=0;i<21;i++) /I hO=h fit*Ru*T Cp=Cpfit*Ru
{

if(i'=11)

{

h[i]=hi]* (Ru*T);
Cp[i]=Cpli]*Ru;
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return;

}
/* * |
/* adiabatic flame temperature calculation */

void adiabatic(double ad[], double P, double hr, double x[], double fuelcomp[], double phi, int flagl, int
flag2, double nol[])

{

/I declare variables
double T1, T, g0, g1, T2, dg;

/I function prototypes

double equil(double T, double P, double fuelcompl], double phi, double x[], int flagl,
double nol[]);

if(ad[0]>3500 || ad[0]<1000)
flag2=0;

if(flag2==0)

{

T=2500; /I default temperature guesses
T1=2700;

}
if(flage==1)

T=ad[0]; /I temperature guesses if previous guess calculated in injection function
T1=T+10;
}
0=equil(T,P,fuelcomp,phi,x,flagl,nol)-hr; // secant method function using enthalpy from
equilibrium function at first temperature guess
g1=equil (T1,P,fuelcomp,phi,x,flagl,nol)-hr; /I secant method function using enthal py
from equilibrium function at second temperature guess

do
{
do=(g1-q0); /I change in secant method function
T2=T1ql*((TLT)/dqg); // new temperature guess
T=T1,
q0=q1;
T1=T2;
gl=equil (T2,P,fuelcomp,phi,x,flagl,nol)-hr; /I secant method function using

enthalpy from equilibrium function at subsequent temperature guess
}while(fabs(q1)>100);
ad[0]=T2; /I outputs to be used in other functions
ad[1]=hr;
return;

KRR KK KKK KKK KR KKK KKK KKK KKK KKK KKK R KKK KRR R KRR KRRk Rk R Rk ok ko Kk [

/* Program name: Equilib.cpp */
/* Programmer: Kenth Svensson */
/* Project:  Rich'sdiesel code */
[* Date: 1 March 2002 */
/* Description: This program calculates the equilibrium composition of products */
/* from diesel combustion. The equation system is solved by LU decomposition. */
/* [mat][x]=[vec]=-[F] */
* */
[* dynamic memory allocation, handles neg. numbers, pivoting, */
/* globally convergent */
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#define TINY 1.0e-20 /I convergence criteria for equilibrium model

#define MAXITS 400 /I maximum iterations

#define TOLF 1.0e 4 /I convergence on function values
#defineTOLMIN 1.0e-6

#define TOLX 1.0e7 /I convergence on delta x

#define STPMX 100.0
#define ALPHA 1.0e-4
#define FREERETURN { free(xold);free(p);free(indx);free(g);\
for(i=0; i<n; i++)\
free(fjacfi]);\
free(fjac);return;} /I free allocated
memory in equilibrium model

double equil(double T, double P, double fuelcomp[], double phi, double x[], int flagl, double nol[])
{

/* variable definitions
[ — loop counter
------- number of rowsin the matrix
--- flag used in equation solver (newt function)
-------- controls direction of equivalence ratio steps
------- when desired equivalence ratio is reached shuts off loop
------- also used to shut off loop
------- controls diminishing the step size
--------- tolerance for phi step
--------- sum of mole fractions
------ total number of moles
--------- ending equivalenceratio
------ phi step size

-- # C atomsiin fuel
M -=--=-=---- #H atoms in fuel
J— # O atoms in fuel
[/ — # N atomsin fuel
stepl ------- phi step size used when diminishing step size
phil -------- equivalence ratio used when diminishing step size
*vec -------- solution vector
*no mole fraction guesses
el equilibrium constants
*molfrac ---- molefractions of individual species
r[4] -------- constants to simplify stoichiometry
h[21] ------- enthalpies of individual species [kJ/kmol]
hx[21] ------ enthalpies of individual species [kJkmol*mole fraction]
hp ---------- enthal py of the products
Cp[21] ------ specific heats of individual species
phis -------- starting equivalence ratio

species[21][5] - */

/I declare variables

inti, row=21, check, flag=0, flag3=0, flag4=0, flag5=0;

doubletol=1e-12, sum, molsum, end, step=0.1, n, m, |, k, stepl, phiZ;

double *vec, *no, *K, *molfrac, r[4], h[21], hx[21], hp, Cp[21], phis=1.5;

char species[21][5]={"H","O","N","H2","OH","CO","NO","02","H20","C0O2","N2","Ar","CH3",
"CH4","C2H2","C2H4","NH2","NH3","HCN","HCO","C2H"};

/* function prototypes
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vector function cal culates the solution vector
newt function isthe newton raphson method for non linear systems
Kp function retrieves the equilibrium constants at a specified temperature
enthalpy function retrieves individual species enthalpies
guess function makes an initial guess of all mole fractions */
void vector(double vec[], double no[], double r[], double K[], int row, double *molsum,
double fuelcomp(], double P);
void newt(double x[],int n,int *check,double fvec[],double K[],double P,double * molsum,
double r[], double fuelcomp[]);
void Kp(double K[], double T);
void enthalpy(double T, double h[], double Cp[]);
void guess(double no[], double K[], double fuelcomp([], double P);

/IDynamic memory allocation
vec=(double*)malloc(row* sizeof (double)); // alocate memory for solution guess mol efraction
and equilibrium constant vectors
no=(double*)malloc(row* sizeof (double));
molfrac=(double* )malloc(row* sizeof (doubl e));
K=(double*)malloc((row-5)* sizeof (double));

end=phi; /I end equivalence ratio is set to input value
n=fuelcomp[0]; // assign fuel composition
m=fuelcomp[1];

|1=fuelcomp[2];

k=fuelcomp[3];

P=P/101.325; /I convert pressure into atmospheres for Kp values
Kp(K,T); /I get equilibrium constants

if(no1[11]==0)
{
flag1=0; /I this insures a nor+zero initial guess will be made

/lInitialize guess vector

if(flag1l==0)
{
guess(no,K ,fuelcomp,P); // calsinitia guess function if no guess exists
}else
for(i=0;i<21;i++)
no[i]=nolfi]; /I updates initial guess to previous solution (used when
stepping through zone 3)
}
}
if(flagl==1)
phis=phi; /I starting and ending phi are the same if good guess available (used
when stepping through zone 3)
}
if(end>phis)
{
step=-0.05; /I changes step direction if end phi is greater than start phi
flag=1;
}
flag3=0;
do //Range of phi
{ /ICa culate stoichiometry simplifying constants
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r[0]=(n+0.25* m-0.5*I)/phis; /Ir0

r[1]=0.5*1+r[0]; IIr
r[2]=0.5*k+3.7274*r[0Q]; '
r[3]=0.0444*r[0]; "
for(i=0;i<21;i++)
if(no[i]<0)
{
flags=1;
no[i]=0.000000001; /I'if any guess value is negative make it a
small positive
}
}
if(flags==0)
for(i=0;i<21;i++)
nol[i]=na[i]; /I update guess vector
}
}
vector(vec,no,r, K,row,& molsum,fuelcomp,P); /I Calculate F[]
newt(no,row,& check,vec,K,P,& molsum,r,fuelcomp); /I Solve system
for(i=0; i<row; i++)
molfraci]=no[i]/molsum; /I Calculate mole fraction
for(sum=0, i=0; i<row; i++)
{
sum=sum+molfrac(i]; /I add mole fractions to check that the sumto 1
}
flag5=0;
for(i=0;i<21;i++)
if(no[i]<0)
flag5=1; /l'if any mole fractions are negative set flag to
decrease step
}
}
if(flags==0)
{
stepl=step; /I save step size and phi for normal step size
phil=phis;

}
if(flagh==1 & & step==stepl) // change step sizeif new step is the same as the old step

stepl=.5*stepl; // change step size
for(i=0;i<21;i++)
{

no[i]=nolfi]; /I update guess
}

}
if(flagh==1 & & stepl<step) // change step size if new step is smaller than the old step

stepl=.5*stepl; // change step size
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for(i=0;i<21;i++)

no[i]=nolfi]; /I update guess

}
}
if(flag5==0)
phis=phisstepl; /I new equivalence ratio using normal step size
}
else
{
phis=phis(phisphil)/2; // new equivalence ratio for diminishing step size
if(flag==0)
{
if(phis>end || flagd==0)  // controls end of phi loop for decreasing phi
flag3=0;
}dse
flag3=1;
if(phis<end+tol) // insureslast loop is at target phi
{
phis=end;
flag4=1;
}
}
if(flag==1)
{
if(phis<end || flagd==0)  // controls end of phi loop for increasing phi
{
flag3=0;
}else
flag3=1,;
if(phis>end) /I insures last loop is at target phi
phis=end;
flag4=1;
}
}
if(flagl==1)
flag3=1;
}
}while(flag3==0); /I ends phi loop

for(i=0;i<21;i++)
nol[i]=noli]; /I update guess

}
enthalpy (T, h, Cp); /I calculate enthalpy of the products
hp=0;
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for (i=0;i<21;i++)
hx[i]=molfrac[i]*h[i];
x[i]=molfrac[il;
hp=hp+hx{i];

}
free(vec), (no), (molfrac), (K); /I Free up allocated memory

return hp; I/ return to calling program
. y
[* equilibrium constant curve fits (Kp) */

void Kp(double K[], double T)

{

/I declare variables
double Tr, logK[16];
inti;

Tr=.001*T;
Il reactions

logK[0]=2*( .432168 *log(Tr)- 11.2464 /Tr + 2.67269 - .0745744 *Tr + .00242484* Tr*Tr);
/I R1, H2 <->2H

logK[1]=2*( .310805 *log(Tr)- 12.9540 /Tr + 3.21779 - .0738336 *Tr + .00344645* Tr*Tr);
/I R2, O2<->20

logK[2]=2*( .389716 *log(Tr)- 24.5828 /Tr + 3.14505 - .0963730 *Tr + .00585643* Tr*Tr);
/I R3, N2<->2N

logK[3]=2* (- .141784 *log(Tr) - 2.13308 /Tr + .853461 + .0355015 *Tr - .00310227* Tr*Tr);
/I R4, O2 + H2 <->20H

logK[4]=2*( .0150879 *log(Tr) - 4.70959 /Tr + .646096 + .00272805*Tr - .00154444* Tr*Tr);
/I R5, N2+ 02 <->2NO

logK[5]=2*(- .752364 *log(Tr) + 12.4210 /Tr - 2.60286 + .259556 *Tr - .0162687 *Tr*Tr);
/I R6, 2H2 + 02 <-> 2H20

logK[6]=2* (- .00415302*log(Tr) + 14.8627 /Tr - 4.75746 + .124699 *Tr- .00900227* Tr*Tr);
/I R7, 2CO + 02 <> 2C0O2

logK[7]= -1.284553 *log(Tr) - 15.76395/Tr - 4.918345 + .6842445 *Tr- .05194576* Tr*Tr;
/I R8, CO + 2H2 <> CH3 + OH

logK[8]= - .9494526 *log(Tr) + 22.87447 [Tr - 7.256777 + .3787896 *Tr - .02448167*Tr*Tr;
/I R9, CH3 +H <> CH4

logK[9]= - .2233993 *log(Tr) -23.31895/Tr - 6.766712 + .3293027 *Tr- .01764268*Tr*Tr;
/I R10, 2CO + H2 <> C2H2 + 02

logK[10]= 2.066455 *log(Tr) +10.77027 /Tr - 6.962663 -1.308306 *Tr + .1346954 *Tr*Tr;
/I R11, C2H2 + H2 <> C2H4

logK[11]= -.8377514 *log(Tr) + 15.78394 /Tr - 5.150921 + .2656375 *Tr - .01666026* Tr*Tr;
/I R12, N + H2 <-> NH2

logK[12]= -1.005302 *log(Tr) +22.32473 /Tr - 6.636705 + .3923653 *Tr - .02239234* Tr*Tr;
/I R13, NH2 + H <-> NH3

logK[13]= .9494541 *log(Tr) + 25.60553 /Tr - .5112236 - .5607905 *Tr + .04848174* Tr*Tr;
/I R14, CH3 + N <-> HCN + H2

logK[14]= -1.284553 *log(Tr) + 5.776046/Tr - 4.917345 + 5192443 *Tr - .03794574* Tr*Tr;
/I R15, CO + H <-> HCO

logK[15]= -1.005301 *log(Tr) - 25.49527 /Tr - 5.314705 + .4793645 *Tr - .02839226* Tr*Tr;
/I R16, 2CO + H <-> C2H + O2

for (i=0;i<16;i++)
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K[i]=pow(10,logK[i]);
}
return;
}
* */
void guess(double no[], double K[], double fuelcomp[], double P)
{

/* variable definitions
------- constants to simplify stoichiometry

------- total number of moles guess
--------- number of moles of fuel
......... reaction equat ion
_________ reaction equation

------- equivalence ratio for the guess
--------- updated oxygen guess

------- square root of oxygen guess

........ oxygen function

-------- derivative of fox
------ ratio of fox to dox
--- calculation variable
--- # C atoms in fuel

__________ # H atoms in fuel

[ # O atomsin fuel

|/ — # Natomsin fuel

ind -------- keeps track of number of loops */
double r[4], Nsum, nf=1, f1, f2, phig=1;
double ox, oxrt, fox, dox, rat, z, n, m, I, k;
int ind;

n=fuelcomp[0]; // assign fuel composition
m=fuelcomp[1];

|1=fuelcomp[2];
k=fuelcomp[3];
r[0]=(n+0.25* m-0.5*1)/phig; /Ir0 /I calculate stoichiometry constants
r[1]=0.5*1+r[0]; IIr
r[2]=0.5*k+3.7274*r[0Q]; '
r[3]=0.0444*r[0]; I
if (phig>1)
{
Nsum=nf* (r[2]+r[3]+n+.5*m); /I guess of total number of moles for equivalence
ratios above 1
}
else
{

Nsum=nf* (r[1]+r[2]+r[3]+.25*m); // guess of total number of moles for equivalence
ratios below 1

ox=1; /I first guess of moles of oxygen

oxrt=sgrt(ox);

f1=sgrt(K[5]*P/Nsum);  // reaction rates

f2=sgrt(K[6]* P/Nsum);

fox=.5* m*f1* oxrt/(1+f 1* oxrt)+(n+2* n* f2* oxrt)/(1+f2* oxrt)+2* ox/nf-r[1];
I/l oxygen function

ind=1,

while (fabs(fox)>.000001)
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if (fox >0)

{
ox=.1*ox; /I new oxygen value if oxygen function greater than zero
oxrt=sgrt(ox);

}
if (fox <0Q)
{

dox=.25* m*f1/(oxrt* (1+f1* oxrt)* (14 1* oxrt))+
(n*f2-1)/(oxrt* (1+f2* oxrt)* (1+f2* oxrt))+2/nf; /I derivative of
oxygen function
rat=fox/dox;
OX=0X-rat; /I new oxygen value if oxygen function less than zero
oxrt=sgrt(ox);
z=rat/ox;

}

fox=.5*m*f1* oxrt/(1+f 1* oxrt)+(n+2* n* f 2* oxrt)/(1+f2* oxrt)+2* ox/nf-r[1];
/I recalculate oxygen function

ind++;

no[3]=.5* nf*m/(1+f1* oxrt); /I calculate al mole fraction guesses
no[5]=nf*n/(1+f2* oxrt);

no[7]=ox;

no[10]=nf*r[2];

no[11]=nf*r[3];

no[8]=sart(K[5]* no[3]* no[ 3]* no[ 7]* PINsum);
no[9]=sqrt(K[6]* no[5]* no[5]* no[ 7]* P/Nsum);
no[0]=sqrt(K[0]* no[3]* P/Nsum);
no[1]=sqrt(K[1]* no[ 7]* P/Nsum);
no[2]=sart(K[2]* no[10]* P/Nsum);
no[4]=sgrt(K[3]*no[3]*no[7]);
no[6]=sart(K[4]*no[7]*no[10]);

no[12]=K[7]* no[ 3]* no[ 3]* no[ 5]/no[ 4] * P/Nsum;
no[13]=K[8]*no[0]* no[12]* P/Nsum;
no[14]=K[9]* no[3]* no[5]* no[5]/no[ 7]* P/INsum;
no[15]=K[10]* no[3]* no[ 14]* P/Nsum;
no[16]=K[11]* no[2]* no[3]* P/Nsum;
no[17]=K[12]* no[0]* no[ 16]* P/Nsum;
no[18]=K[13]*no[2]* no[12]/no[3];
no[19]=K[14]* no[0]* no[ 5]* P/ Nsum;
no[20]=K[15]* no[0]* no[5]* no[5]/no[ 7]* P/INsum;

return; // return to equilibrium function

}

/*******************************************************************************

Calculates solution vector G[]-F[]=-H]
*******************************************************************************/
void vector(double vec[], double nof[], double r[], double K], int row, double *molsum, double fuelcomp[],
doubleP)
{

inti;

double nf=1, n, m, I, k;

n=fuelcomp[0];

m=fuelcomp[1];
I=fuelcomp[2];
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k=fuelcomp[3];

//Cdlculate mole sum
for(*molsum=0, i=0; i<row; i++)
*molsum+=noli];

vec[0] =-1*(no[0]* no[O]* (P/(* molsum))-K[0]*no[3]); /IR1, H2 <=> 2H

vec[1] =-1*(no[1]* no[1]* (P/(* molsum))-K[1]* no[ 7]); /IR2, 02 <=> 20

vec[2] =-1*(no[2]* no[2]* (P/(* molsum))-K[2]* no[10]); /IR3, N2 <=> 2N

vec[3] =-1* (no[8]* no[8]-K[5]* no[3]* no[3]* no[ 7]* (P/(* molsum))); //R6, 2 H2 + 02 <=> 2 H20
vec[4] =-1* (no[4]* no[4]-K[3]*no[3]*no[ 7]); /IR4,H2 + 02 <=>2 OH

vec[5] =-1*(no[9]* no[9]-K[6]* no[5]* no[5]* no[ 7]* (P/(* molsum))); //R7,2 CO + 02 <=> 2 CO2
vec[6] =-1*(no[6]* no[6]-K[4]* no[7]* no[10]); /IR5, 02 + N2 <=> 2 NO

vec[7] =-1*(no[ 7]* no[20]* (* mol sum/P)-K[15]* no[0]* no[5]*no[5]);  //R16, 2 CO + H <=> C2H

+02

vec[8] =-1*(no[0]+2* no[ 3]+no[ 4] +2* no[ 8] +3* no[ 12] +4* no[ 13]+2* no[ 14] +

4*no[ 15]+2* no[ 16]+3* no[ 17]+no[ 18] +no[ 19]+no[ 20] - m* nf); //Hydrogen balance
vec[9] =-1*(no[1]+no[4]+no[5]+no[6]+2* no[ 7] +no[ 8] +2* no[ 9] +no[ 19] - 2* r[ 1] * nf-I);

//Oxygen balance
vec[10]=-1* (no[ 2] +no[ 6] +2* no[ 10] +no[ 16]+no[ 17] +n o[ 18] - 2* [ 2] * nf-K);

/INitrogen balance

vec[11]=1*(no[11] -r[3]*nf); /IArgon balance

vec[12]=1*(no[4]* no[12]* (* molsum/P)-K[7]*no[3]*no[3]*no[5]);  //R8, CO + 2 H2 <=> CH3
+ OH

vec[13]=1* (no[13]* (* molsum/P}K[8]* no[0]* no[12]); /IR9, CH3 + H <=> CH4

vec[14]=1* (no[7]* no[14]* (* mol sum/P)-K[9]*no[3]*no[5]*no[5]);  //R10, 2 CO + H2 <=>
C2H2 + 02

vec[15]=1* (no[15]* (* mol sum/P)}-K[10]* no[ 3] * no[ 14]); /IR11, C2H2 + H2 <=> C2H4

vec[16]=1* (no[16]* (* molsum/P)}K[11]* no[2]* no[ 3]); /IR12, N + H2 <=> NH2

vec[17]=1* (no[17]* (* molsum/P)}-K[12]* no[0]* no[ 16]); /IR13, NH2 + H <=> NH3
vec[18]=1*(no[3]*no[18]-K[13]*no[2]*no[12]);  //R14, CH3 + N <=> HCN + H2
vec[19]=1* (no[19]* (* mol sum/P)}-K[ 14]* no[ 0] * no[ 5] ); /IR15, CO + H <=> HCO
vec[20]=1* (no[5] +no[ 9] +no[ 12] +no[ 13]+2* no[ 14] +2* no[ 15] +no[ 18] +no[ 19] + 2* no[20]-n* nf);
//Carbon balance
}

/*******************************************************************************

From numerical Recipesin C
*******************************************************************************/
void newt(double x[],int n,int * check,double fvec[],double K[],double P,double * molsum,double r[],
double fuelcompl])

{

inti,itsj,*indx;
double d,den,f,fold,stpmax,sum,temp,test,**fjac,* g,* p,*xold;

void vector(double vec[], double no[], double r[], double K[], int row, double *molsum,
double fuelcomp(], double P);

double fmin(int n,double fvec(]);

void Insrch(int n,double xold[],double fold,double g[],double p[],double x[],
double *f,double stpmax,int *check,double fvec[],double r[],double K[],
double *molsum, double fuelcomp(], double P);

void ludcmp(double *&],int n,int *indx,double *d);

void lubksb(double *&[],int n,int *indx,double b[]);

void Kp(double K[], double T);

void enthalpy(double T, double h[], double Cp[]);

/IDynamic memory allocation
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indx=(int*)malloc(n* sizeof (int));
fjac=(double** )malloc(n* sizeof (double*)); //Set up the rows of fjac
for(i=0; i<n; i++) /lfjac is the Jacobian matrix
fjac[i]=(double* )malloc(n* sizeof (double)); /ISet up the columns of fjac
g=(double*)malloc(n* sizeof (double));
p=(double* )malloc(n* sizeof (double));
xold=(double*)mall oc(n* sizeof (double));

vector(fvec,x,r,K,n,molsum,fuelcomp,P);
/[Calculate fvec based on latest estimate
f=fmin(n,fvec); /IFind fmin=0.5* F*F

test=0.0; /ITest for initial guess being aroot. Use more stringent
for(i=0; i<n; i++) /Itest than simply TOLF.
if(fabs(fvec[i]) > test)
test=fabs(fvec|i]);
if(test<0.01* TOLF)
FREERETURN

for(sum=0.0, i=0; i<n; i++)

sum = sum + X[i]*x[i];  //Calculate stpmax for line searches, sum = sum + SQR(x[i]);
stpmax=STPMX* __max(sqgrt(sum),(double)n); //Compared variables must be of same type.
for(its=1; its<=MAXITS; its++)

for(i=0; i<n; i++)
for(j)=0; j<n; j++)
fjac[i][j]=0.0; /lInitialize Jacobian to zero
[IFill in Jacobian matrix

fjac[0][0]=2*x[0]* (P/(* molsum)); /IR1
fjac[O][3]=KIOl;

fjac[1][1]=2*x[1]* (P/(* molsum)); IIR2
fjac[1][7]=K[1];

fjac[2][2]=2*x[2]* (P/(* molsum)); /IR3
fjac[2][10]=-K[2];

fjac[3][3]= K[5]* 2*x[3]* X[ 7]* (P/(* molsum)); /IR6

fjac[3][7]= K[5]*x[3]*x[3]* (P/(* molsum));
fjac(3][8]=2*x[8];

fiac[4][3]=KI[3]*x[7]; /IR4
fjac[4][4]=2*x[4];

fjac[4][7]=K[3]*x[3];

fjac[5][5]= K[6]* 2*x[5]* X[ 7]* (P/(* molsum)); IIR7
fjac[5][7]= K[6]*x[5]*X[5]* (P/(* molsum));
fjac5][9]=2*X[9];

fjac[6][6]=2*X[6]; /IR5
fjac6][7]=K[4]*X[10];
fjac(6][10]=-K[4]*x[7];

fjac[7][0]= K[15]*Xx[5]*X[5]; /IR16
fjac[7][5]=2* K[ 15]*x[O]*X[5];
fjac[7][7]=x[20]* (* molsum/P);

fjac[ 7][20]=x[7]* (* molsum/P);
fjac[8][0]=1; /IHydrogen balance
fjac[8][3]=2;

fjac[8][4]=1;

fjac[8][8]=2;

fjac[8][12]=3;

fjac[8][13]=4;
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fjac[8][14]=2;
fjac[8][15]=4;
fjac[8][16]=2;
fjac[8][17]=3;
fjac[8][18]=1;
fjac[8][19]=1;
fjac[8][20]=1;

fjac[9][1]=1; //Oxygen balance

fjac[9][4]=1;
fjac[9][5]=1;
fjac{9][6]=1;
fiac[9][7]=2;
fjac{9][8]=1;
fjac[9][9]=2;
fjac[9][19]=1;

fjac[10][2]=1,; /INitrogen balance

fjac[10][6]=1;
fjac[10][10]=2;
fjac[10][16]=1;
fjac[10][17]=1;
fjac[10][18]=1;
fjac[11][11]=1;
fjac{12][3]=-K[7]*2*x[3]*
fjac[12][4]=x[12]* (* molsu

/IArgon balance

X[5]; //IR8

m/P);

fjac[12][5]=-K[7]*X[3]*x[3];

fjac[12][12]=x[4]* (* molsu
fjac[13][0]=-K[8]*x[12];
fjac[13][12]=-K[8]*x[0];
fjac[13][13]=(* molsum/P);

m/P);
/IR9

fjac[14][3]=-K[9]* X[5]* X[S];

fjac[ 14][5]=-K[9]* 2*x[5]*
fjac[14][ 7]=x[14]* (* molsu
fjac[14][14]=x[7]* (* molsu
fjac[15][3]=-K[10]*x[14];
fjac[15][14]=-K[10]*x[3];
fjac[15][15]=(* molsum/P);
fjac[16][2]=-K[11]*X[3];
fjac[16(3]=-K[11]*X[2];
fjac[16][16]=(* molsum/P);
fjac[17][0]=-K[12]*x[16];
fjac[17][16]=-K[12]*x[O];
fjac[17][17]=(* molsum/P);
fjac[18][2]=-K[13]*x[12];
fjac[18][3]=x[18];
fjac[18][12]=-K[13]*x[2];
fjac[18][18]=x[3];
fjac[19][0]=-K[14]*x[5];
fjac{19][5] =-K[14]*x[Q];
fjac[19][19]=(* molsum/P);

X[3];
m/P);
m/P);
/IR11

/IR12

//IR13

/IR14

/IR15

fjac[20][5]=1; //Carbon balance

fjac[20][9]=1;

fjac[20][12]=1;
fjac[20][13]=1;
fjac[20][14]=2;
fjac[20][15]=2;
fjac[20][18]=1;
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fjac[20][19]=1;
fjac[20][20]=2;

for(i=0; i<n; i++) /ICompute fgradient for line search.
for(sum=0.0, j=0; j<n; j++)
sum = sum + fjac[j][i]*fvec[j];

gli]=sum;

for(i=0; i<n; i++)

xold[i]=x[i]; /IStore x[] in xold[]
fold=f;
//Store f=fmin in fold
for(i=0; i<n; i++) /IRHS for linear equations.
pli] = fvecli];
ludemp(fjac,n,indx,&d); //Solve using LUD
lubksb(fjac,n,indx,p); //Back substitution

Insrch(n,xold,fold,g,p,x,&f,stpmax,check,fvec,r,K,molsum,fuelcomp,P); //Insrch returns
new X[] and f. Calculate fvec at new X[].

test=0.0; /[Test for convergence on function values.
for(i=0; i<n; i++)
if(fabs(fveci]) > test)
test=fabs(fvec[i]);
if(test < TOLF)
check=0; /lcheck is false (0) on anormal exit
FREERETURN
if(*check) /Icheck is true (1) when x istoo close to xold
{ /ICheck for gradient of f zero, spurious convergence.
test=0.0;

den=__max(f,0.5*n);
for(i=0; i<n; i++)

temp=rfabs(g[i])*_max(fabs(x[i]),1.0)/den;
if(temp > test)

test=temp;
}

*check=(test < TOLMIN ?1: 0);
FREERETURN

test=0.0; /ITest for convergence on delta x
for(i=1; i<=n; i++)
temp=(fabs(x[i-1]-xold[i-1]))/__max(fabs(x[i-1]),1.0);
if(temp > test)
test=temp;

}
if(test < TOLX)
FREERETURN

}
/lprintf("\n MAXITS exceeded in newt");

/*******************************************************************************

fmin calculates (1/2)* FdotF

*******************************************************************************/
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double fmin(int n, double fvec(])
{

inti;

double sum;

for(sum=0.0, i=0; i<n; i++)
sum = sum + fvec[i]*fvec]i];
return 0.5* sum;

KKk KKK KK R K KRR R KKK R R KRR R KRR R kKR R KRR R KRR R R KRR R kR kR R Rk kR kK

From Numerical recipesin C
*******************************************************************************/
void Insrch(int n,double xold[],double fold,double g[],double p[],double x[],double *f,

double stpmax,int *check,double fvec[],double r[],double K[],double * molsum,

double fuelcomp[], double P)

inti;
double a,alam,alam2,alamin,b,disc,f2,fold2,rhsl,rhs2;
double slope,sum;temp,test,tmplam;

void vector(double vec[], double no[], double r[], double K[], int row, double *molsum,
double fuelcomp(], double P);

*check=0; /INormal exit
for(sum=0.0, i=0; i<n; i++)

sum += p[i]*p[i];
sum=sqrt(sum);

if(sum > stpmax)

for(i=0; i<n; i++)
p[i] *= stpmax/sum;

}
//Scale if attempted step is too big.
for(slope=0.0, i=0; i<n; i++)

slope += g[i]*p[il;
test=0.0; //Compute lambda_min
for(i=0; i<n; i++)

{
temp=fabs(p[i]) / __max(fabs(xold[i]),1.0); //temp=fabs(p[i])/FMAX (fabs(xold[i]),1.0);
if(temp > test)

test=temp;

alamin=TOL X/test; /lalamin islambda_min
alam=1.0; /[Try full step first, dam is lambda
for(;;)

for(i=0; i<n; i++)
x[i]=xold[i]+alam* p[i]; /[This loop updates X[]
vector(fvec,x,r,K,n,molsum,fuelcomp,P);
*f=fmin(n,fvec);
if(@am < alamin)

{ /IConvergence on delta_x
for(i=0; i<n; i++)

x[i]=xold[i];
*check=1;
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return;

}
elseif(*f <= fold+ALPHA*alam* slope) /IEgn. 9.7.7
{
return; /ISufficient function decrease
}
else
{ //Backtrack
if(@am == 1.0)
tmplam =-slope/(2.0* (*f-fold-slope)); /IFirsttime
else
{ //Subsequent backtracks
rhsl=*f-fold-alam*slope;
rhs2=f2-fold2- alam2* slope;
a=(rhsl/(alam* alam)-rhs2/(alam2* alam?2))/(alam-alam2);
b=(-alam2* rhsl/(alam* alam)+alam* rhs2/(alam2* alam2))/
(alam-alam2);
if(a==0.0)
tmplam = -slope/(2.0*b);
else
{
disc=b*b-3.0*a*slope;
if(disc<0.0)
[Iprintf("\nRoundoff problem in Insrch.");
else
tmplam=(-b+sgrt(disc))/(3.0*a);
if(tmplam>0.5* alam)
tmplam=0.5*dam;
}
}
alam2=alam;
f2 = *f;
fold2=fold;
aam=__max(tmplam,0.1* alam);
}

/*******************************************************************************

From Numerical recipesin C

KKK KKK KKK KK KKK KKK KR KKK R KRR R kR Rk Rk kR Rk kR R R Rk Rk kR Rk kR Rk R Rk kR ok kR Rk ok ok ok ok ko k [

void ludecmp(double *a[], int n, int *indx, double *d)

inti, imax, j, k;

double big, dum, sum, temp;

double *vv;

IIvv stores the implicit scaling of each row

vv=(double*)malloc(n* sizeof (doubl e));

*d=1.0;

/INo row interchanges yet

for(i=1; i<=n; i++) //ILoops over the rows to get the implicit scaling information
{
big=0.0;
for(j=1; j<=n; j++)
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{
if((temp=fabs(a[i-1][j-11)) > hig)
big=temp;

}
if(big == 0.0)

printf("\nSingular matrix");
} /INo no-zero largest element
w[i-1]=1.0/big; //Save scaling
}

for(j=1; j<=n; j++) /[Thisis the loop over columns of Crout's method
{
for(i=1; i<j; i++) /IEqgn. 2.3.12 except for i=j
{

sum=g[i-1][j-1];
for(k=1; k<i; k++)
am-=a[i-1][k 1]*ak-1][j-1];
ali-1][j-1]=sum;
}

big=0.0; nitialize for the search for largest pivot element
for(i=j; i<=n; i++) /[Thisisi=j of egn. 2.3.12 and i=j+1...N of egn. 2.3.13

sum=a[i-1][j-1];
for(k=1; k<j; k++)
am-=a[i-1][k 1]*ak-1][j-1];

ali -1][j-1]=sum;
if((dum=vv[i-1]*fabs(sum)) >= big) /l1s the figure of merit for
the pivot better than the best so far?
{
big=dum;
imax=i;
}
if(j !=imax) /Do we need to interchange rows?
{

for(k=1; k<=n; k++) /IYes, do ...

{

dum=a[imax-1][k-1];
a[imax-1][k-1]=a[j-1][k-1];
a[j-1][k-1]=dum;

}

*d=-(*d); //...and change the parity of d
vv[imax-1]=vv[j-1]; /IAlso interchange the scale factor
}

indx[j-1]=imax;
if(afj- 1][j-1] == 0.0) /T the pivot element is zero the matrix is singular
(at least to the precision of
aj-1][j-1]=TINY; /Ithe agorithm). For some applications on
singular matrices, it is desirable
/Ito substitute TINY for zero.
if(j '=n) /INow, finaly, divide by the pivot element

{
dum=1.0/(afj-1](j-11);

for(i=j+1; i<=n; i++)
a[i-1][j-1] *= dum;
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/1Go back for the next column in the reduction.

}
free(vv);

/************************************

From Numerical recipesin C

HHK KKK KKK KA KKK KKK KKK KKK I *hkkx [

void lubksb(double *&[], int n, int *indx, double b[])

{
inti, ii=0, ip, j;
double sum;
for(i=1; i<=n; i++) /IWhenii is set to a positive value, it will
/Ibecome the index of the first non-vanishing
ip=indx[i-1];
//element of b. We now do the forward substitution,
sum=b[ip-1]; /legn. 2.3.6. The only new wrinkleis to unscramble
b[ip-1]=b[i-1]; /lthe permutation as we go.
if(ii)
for(j=ii; j<=i-1; j++)
. sum -= gi-1][j-1]*b[j-1];
eseif(sum) /IA non-zero element was encountered, so from now
ii=i; /lon we will have to do the sumsin the loop above.
bfi -1]=sum;
}
for(i=n; i>=1; i-) /INow we do the back substitution, egn. 2.3.7.
{
sum=>b[i-1];
for(j=i+1; j<=n; j++)
© sm == i 1][j-1]*bfj-1]; _
bfi - 1]=sum/a[i-1][i-1]; //Store a component of the solution vector X.
}
/IAll done!
}
* */

/* this function returns fuel properties given a fuel name  */
void properties(int name, double fuel[], double fuelcomp[])
{

/I retrieve data

/* fuel[0]=Cpfuel kJkg*K */
/* fuel[1]=Tboil K */
/* fuel[2]=hfg  kJkg */
[* fuel[3]=rhofuel kg/m"3 */
[* fuel[4]=cetane # */
[* fuel[5]=heat of formation kJ/kmol */
/* fuel[6]=heating value kJkg */
[* fuel[7]=molecular weight kg/kmol */
/* fuelcomp[0]=# carbon */
[* fuelcomp[1]=# hydrogen */
/* fuelcomp[2]=# oxygen */
/* fuelcomp[3]=# nitrogen */
switch (name)
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case 1:// nheptane
fuel[0]=2.242;
fuel[1]=361,;
fuel[2]=364.9;
fuel[3]=683.76;
fuel[4]=50;
fuel[5]=224050;
fuel[6]=44556;
fuel[7]=94;
fuelcomp[0]=7;
fuelcomp[1]=16;
fuelcomp[2]=0;
fuelcomp[3]=0;
break;

case 2:// nhexadecane
fuel[0]=3.158;
fuel[1]=560;
fuel[2]=227;
fuel[3]=770;
fuel[4]=100;
fuel[5]=456140;
fuel[6]=43946;
fuel[7]=226.44;
fuelcomp[0]=16;
fuelcomp[1]=34;
fuelcomp[2]=0;
fuelcomp[3]=0;
break;

case 3:// heptamethylnonane
fuel[0]=3.424;
fuel[1]=520;
fuel[2]=194;
fuel[3]=811;
fuel[4]=15;
fuel[5]=413200;
fuel[6]=43852;
fuel[7]=226.44;
fuelcomp[0]=16;
fuelcomp[1]=34;
fuelcomp[2]=0;
fuelcomp[3]=0;
break;

case 4:// methanol
fuel[0]=2.824;
fuel[1]=338;
fuel[2]=1100;
fuel[3]=790;
fuel[4]=5;
fuel[5]=239100;
fuel[6]=19917;
fuel[7]=32.04;
fuelcomp[0]=1,
fuelcomp[1]=4;
fuelcomp[2]=1,
fuelcomp[3]=0;
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break;

case 5:// diethyl ether
fuel[0]=2.369;
fuel[1]=307.6;
fuel[2]=365.6;
fuel[3]=713.8;
fuel[4]=115;
fuel[5]=279400;
fuel[6]=33775;
fuel[7]=72;
fuelcomp[0]=4;
fuelcomp[1]=10;
fuelcomp[2]=1;
fuelcomp[3]=0;
break;

case 6:// HCG
fuel[0]=2.235;
fuel[1]=421;
fuel[2]=335;
fuel[3]=737;
fuel[4]=50;
fuel[5]=-350000;
fuel[6]=44000;
fuel[7]=110;
fuelcomp[0]=100;
fuelcomp[1]=187;
fuelcomp[2]=0;
fuelcomp[3]=0;
break;

case 7:/ FTD
fuel[0]=3.197;
fuel[1]=611;
fuel[2]=224;
fuel[3]=782;
fuel[4]=50;
fuel [5]=456140; // # for cetane
fuel[6]=43200;
fuel[7]=170;
fuelcomp[0]=10;
fuelcomp[1]=18;
fuelcomp[2]=0;
fuelcomp[3]=0;
break;

case 8:// DF2
fuel[0]=3.197;
fuel[1]=576;
fuel[2]=224;
fuel[3]=712;//845;
fuel[4]=50;
fuel[5]=180974; /I # calculated
fuel[6]=43200;
fuel[7]=151;
fuelcomp[0]=11,
fuelcomp[1]=19;
fuelcomp[2]=0;
fuelcomp[3]=0;
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break;

default:
break;
}
}
I* */
/* this function calculates the stoichiometric air fuel ratio of the selected */
/* fuel based on fuel and air compositions */

double airfuel (double fuelcomp[])

{
/I declare vari ables
double AFs; /I calculate molar stoichiometric air fuel ratio
AFs=(fuelcomp[ 0] +fuelcomp[1]* .25-fuelcomp[ 2] *.5)* (1+3.7274+.0444);
return AFs; /I return air fuel ratio

}

I* */

/* liquid length model */

void liquidl(double II[], double fuel[], double fuelcomp[], double Tinj, double T, double rhoa, double AFs,
double t, double Ufuel, int inj, double MWa, double Cpa, double te, double dh, double angle, double 11)
{

[* variable definitions
---------- liquid length energy ratio
—————————— constant used to find spread angle
------ non dimensionalizing time constant
----- non dimensional time for spray model at a given time
————— non dimensional penetration length for spray model at a given time
---------- Spray penetration length at a given time
--- time to reach liquid length
-------- time to reach given length
tetilda ---- non dimensional time for spray model at a given time for back end of spray

X@ -m-mmmmem length to back end of spray
xetilda---- non dimensional penetration length for spray model at a given time for back end of
Spray

rhotilda--- non dimensionalized density (fuel to air density ratio)
spreadangle spray spread angle

xplus ------ non dimensionalizing length constant
Ca --------- nozzle area contraction coefficient
dorifice--- nozzle orifice diameter

phix ------- equivalence ratio at the spray length
a -----mee- spread angle multiplier

[ liquid length

e liquid length correlation constant
alpha ------ liquid length correlation constant
beta ------- liquid length correlation constant
Ltilda ----- non dimensional liquid length

Z - spray model variable used to find equivalence ratios
phiL ------- equivalence ratio at the liquid length

ttildaL ---- non dimensional time for liquid length

ttildax1 --- non dimensional time for given spray length

injdata[3] - injector parameters retrieved from the injector function

phix1 ------ equivalence ratio at a given length

x1tilda ---- non dimensional penetration length for given spray lengt h

xtilda0 ---- first guess of non dimensional penetration length for solving spray correlation using
the secant method
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xtildal ---- second guess of non dimensional penetration length for solving spray correlation
using the secant method

xtilda2 ---- subsequent guesses of non dimensional penetration length for solving spray
correlation using the secant method

g0 --------- secant method function
ql--------- secant method function
dqg --------- change in secant method function */

/I declare variables

double B, ¢=.31, tplus, ttilda, xtilda, x, tL, tx1, tetilda, xe, xetilda;

double rhotilda, spreadangle, xplus, Ca, dorifice, phix;

double a=.66, L, k=10.5, alpha=.58, beta=.59, Ltilda, z, phiL, ttildaL, ttildax1;
double injdata[3], phix1, x1tilda, xtilda0=50, xtildal=0, xtilda2, g0, q1, dq;

/* function prototypes

injector function holds data on different injector nozzles

airfuel function retrieves the molar stoichiometric air fuel ratio */
void injector(int inj, double injdata[]);
double airfuel (double fuelcomp[]);

injector(inj,injdata); /I retrieve injector data
dorifice=injdata[0]/1000; // change units to mm

Ca=injdata[2];

AFs=airfuel (fuelcomp); /I get molar stoichiometric air fuel ratio

AFs=AFs*MWalfuel[7]; [/ change air fuel ratio to mass basis

/I'liquid length calculations

if(dh==0)
{
Cpa=Cpa/MWsag; /I calculate specific heat of air
dh=Cpa* (T-fuel[1]); /I change in enthalpy for liquid length model

}
B=(fuel[0]* (fuel[1]-Tinj)+fuel[2])/dh; /I liquid length energy ratio
rhotilda=fuel[3]/rhoa; /I density ratio
if(angle==0)
{
spreadangle=c* (pow(1/rhotilda,.19) -.0043* sgrt(rhotil da)); 1l spray spread angle if
angle not previously calculated

spreadangle=angle; /I spray spread angle if previously calculated (insures angle
doesnt change)

}

xplus=sgrt(rhotilda)* ((sqrt(Ca)* dorifice)/(a* spreadangle));
/I calculate non dimensionalizing length constant
L=dorifice* k* (pow(rhotilda,al pha)* (pow(B,beta));
//'liquid length calculation

Ltilda=L/xplus; // nondimensional liquid length

z=1+16* (Ltilda* Ltilda); /I equivalence ratio constant
phiL=(sqrt(z)-1)/2; /I equivalence ratio at liquid length
tplus=xplus/(Ufuel); /I calculate nan dimensionalizing time constant

ttilda=t/tplus, /I non dimensionalized time

ttildal =L tilda/2+(L til da/4)* sqrt(1+16* L tilda* L tilda)+(1/16)* log(4* L til da+
sgrt(1+16* Ltilda* Ltilda)); // non dimensional time to reach liquid length

tL=ttildaL*tplus; /I time to reach liquid length
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/I calculate spray penetration length and phi at that length given the time included in the
function prototype
gO=xtilda0/2+(xtilda0/4)* sgrt(1+16* xtilda0* xtilda0)+(1/16)* | og(4* xtilda0+
sqrt(1+16* xtilda0* xtilda0))-ttilda; // secant function at first penetration length guess for
agiven time
gl=xtildal/2+(xtildal/4)* sqrt(1+16* xtildal* xtildal)+(1/16)* log(4* xtildal+
sgrt(1+16* xtildal* xtildal))-ttilda; // secant function at second penetration length guess
for agiventime

do
{
dog=(g1-90); /I change in secant function
xtilda2=xtildal-q1* ((xtildal-xtilda0)/dq);  // new non dimensional length guess
xtildaO=xtildal;
qo=q1;
xtildal=xtilda2;

g1=xtilda2/2+(xtilda2/4)* sqrt(1+16* xtilda2* xtilda2)+(1/16)* | og(4* xtilda2+
sqrt(1+16* xtilda2* xtilda2))-ttilda; // secant function at subsequent penetration
length guess for a given time
}while(fabs(g1)>.0001);
xtilda=xtilda2;  // non dimensional length at agiven time

x=xtilda*xplus; I/l length at agiventime
z=1+16*(xtilda*xtilda); // equivalence ratio constant
phix=(sgrt(z)-1)/2; // equivalenceratio at tip at given time

/I calculate time to reach length given in function prototype and equivalence ratio at that length
x1tilda=11/xplus;

z=1+1 6* (x1tilda* x1til da); /Il equivalence ratio constant

phix1=2* AFs/(sart(z)-1); // equivalence ratio at given length

ttildax1=x1tilda/2+(x 1tilda/4)* sgrt(1+16* x 1til da* x1tilda) +(1/16)* log(4* x 1til da+

sgrt(1+16* x1tilda* x 1til da)); /I non dimensional time to reach given length
tx1=ttildax1*tplus; /I time to reach given length
tetilda=te/tplus; /I non dimensional time for back end of spray

/I calculate spray penetration length to the back end of the spray given the time after EOI included
in the function prototype
xtilda0=50;
xtildal=0;
gO0=xtilda0/2+(xtilda0/4)* sqrt(1+16* xtilda0* xtil da0)+(1/16)* log(4* xtildad+
sgrt(1+16* xtildaO* xtil da0))-tetilda; // secant function at first penetration length guess for
back end of spray
gl=xtildal/2+(xtildal/4)* sgrt(1+16* xtildal* xtildal)+(1/16)* log(4* xtildal+
sqrt(1+16* xtildal* xtildal))-tetilda; // secant function at second penetration length guess
for back end of spray

do
{
dg=(q1-q0); /I change in secant function
xtilda2=xtildal-ql* ((xtildal-xtilda0)/dq); // new non dimensional length guess for
back end of spray
xtildaO=xtildal;
go=q1;
xtildal=xtilda2;

ql=xtilda2/2+(xtilda2/4)* sqrt(1+16* xtilda2* xtil da2)+(1/16)* log(4* xtilda2+
sgrt(1+16* xtilda2* xtilda2))-tetilda; // secant function at subsequent penetration
length guess for back end of spray
}while(fabs(gl)>.0001);
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}

/*

xetilda=xtilda2; /I non dimensional length to back end of spray
xe=xetilda* xplus; /I length to back end of spray
1I[0]=L; [ variables returned to other functions
I1[1]=phiL*fuel[7]/MWa;

11[2]=x;

11[3]=phix*fuel[7]/MWa;

11[4]=tL;

I1[5]=spreadangle;

11[6]=tx1;

[ 7]=phix1;

11[8]=x¢;

return; // return to injection function

*/

[* injector parameters */

void injector(int inj, double injdata[])

{

[*injdata[O]=orifice diameter(um) */
/*injdata[1]=Cd */
[*injdata[2]=Ca */

switch (inj)

case 1:
injdatg 0]=100;
injdata[1]=.80;
injdata[2]=.86;
break;

case 2
injdatal0]=194;
injdata[1]=.77;
injdata[2]=.82;
break;

case 3:
injdata]0]=251;
injdata[1]=.79;
injdata[2]=.79;
break;

case 4:
injdata]0]=246;
injdata[1]=.78;
injdata[2]=.81;
break;

case 5:
injdata]0]=267;
injdata[1]=.77;
injdata[2]=.82;
break;

case 6:
injdatal0]=363;
injdata[1]=.81;
injdata[2]=.85;
break;

case 7:
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case 8:

case 9:

default:

injdata[0]=498;
injdata[1]=.84;
injdata[2]=.88;
break;

injdata[0]=71;
injdata[1]=.86;
injdata[2]=.86;
break;

injdata[0]=180;
injdata[1]=.77;
injdata[2]=.82;
break;

break;
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APPENDI X B. PREMIXED BURN MODEL

This appendix describes howthe heat rel ease takes place from ignition until the
lift-off length isreached. This has been termed the premixed burn duration.

The heat release rate from the initial premixed burn was cal cul ated by spreading
the total heat release from the available fuel at the time of ignition over a premixed burn
time. To do thisapremixed burn time must be determined as well as the shape of the
heat release rate. A global reaction rate published by Turns [33] was used to determine
the premixed burn time. The global reaction seen in Equation B.1 givesthe changein
concentration of diesel fuel, modeled as CioHz2.

245098 §
d[C,,H ,,] = 3.8 X0 exp gT;[CmH ») 20, ] dt (B.2)

The fuel available for the reaction is all the fuel beyond the liquid length just prior to

ignition or all the fuel in zone 2. Theinitial fuel and air concentrations were calcul ated
using the equivalenceratio given in the spray model. A time step istaken and a change
in fuel concentration is calculated. Equation B.1 isnumerically integrated taking finite

time steps DT, to determine successive fuel concentrations. The fuel concentration at the

next time step is given by determining Df CyoH] from Equation B.2 and then the new

175



concentration of fuel from Equation B.3. Time steps are taken until the fuel

concentrationiszero asseenin Figure B.1.

D[C,oH ,,] = 38X10™ 9<IO<;—-[C10H »]*[0,]" Dt B2

[CloH 2in = [CloH 2210 ~ d[C10H22 (B-?’)

1.2

0.8 1

% Fuel
o
(o))
1

O T T T T
0 5 10 15 20
t (ms)

Figure B.1. Fud Burn vs. Time Using Equation B.1.
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Tinitia

[O2]i

[C1oH22]

FigureB.2. Premixed Burn Concentrationsand Temperature Variations

At each new time step the values of [O,] and temperature are changing. These are
updated by recognizing that 1) the oxygen concentration reduces proportionally asthe
fuel concentration is reduced and 2) the temperature increasesfrom the initial
temperature to the adiabatic flame temperature as the fuel is burned. The temperature
was assumed to increase linearly with decreasing fuel and O, concentration from the
initial temperature in zone 2 to the adiabatic flame temperature. A schematic
demonstrating the change in temperature and O, concentration as fuel concentration is
changed is shown in Figure B.2 with the Equations B.4 and B.5 showing how the

calculation inthe program proceeded.

0., =l f ot 2ok

(B.4)

Tt (ol O Es T ©5

Thetotal time to consume the fuel for this reaction is much longer than atypical

diesel premixed burn. The reaction rate starts and remains low for 19 - 20 ms before
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increasing rapidly at the end as seenin Figure B.3. One reason for the longer reaction
time isthat the model being used assumes the products to be perfectly mixed after each
time step. In reaity, numerous hot spots would likely develop in the premixed mixture
producing the higher temperature needed to increase the reaction rate locally. In order to
scale the model to arealistic time, the “heat up” time was removed from the total reaction
time. The heat up time was defined as the time required to produce a heat rel ease greater
than the enthalpy of vaporization of thefuel. The justification for selecting the heat of
vaporization isthat the ignition delay in an engineistypically defined asthetime
between injection and a positive value of apparent heat release. The apparent heat release
can only be positiveif the heat release from the fuel exceeds the heat absorbed by the
evaporating fuel. When the energy from the reaction rate is greater than the energy
required to vaporize the fuel, time accumulates until all of the fuel is consumed. The
time between the end of the heat up period and the end of fuel concentrationisthe
premixed burn duration tpy as shown in Figure B.3.

Knowing the time for the premixed burn we must now determine the shape of the
heat release during thistime. The heat release from the initial premixed burn volume

Q,, isspread out over the premixed burn duration. In order to smooth the shape of this

heat release the cosine function in Equation B.6 was used. In this equation ta; isthetime
afterignition of the fuel and tpm isthe time for the premixed burn. This function
multiplies Q,, by anumber between 0 and 1 calculated using the cosine function to

determine how
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much of the premixed heat release to add in aparticular time step. Thisamount is used to

calculate the heat release rate for those crank angles.

Qy =Q &- Ssco p—ALT+ 599 (B.5)
PM IDg é % z EB .

0.008
0.007 T
0.006
0.005 T

0.004

H (kJ)

0.003 T
0.002

—HR
— Hfg
0 T T T T T T

15 16 17 18 19 20 21

t (ms)

0.001

FigureB.3 Timefor the Premixed Burn.

Knowing the time for the premixed burn we must now determine the shape of the
heat release during thistime. The heat release from the initial premixed burn volume
Qo isspread out over the premixed burn duration. In order to smooth the shape of this

heat rel ease the cosine function in Equation B.6 was used. In thisequation ta, isthetime
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after ignition of thefuel and tpm isthe time for the premixed burn. This function
multiplies Q,, by anumber between 0 and 1 calculated using the cosine function to
determine how much of the premixedheat release to add in a particular time step. This

amount is used to calculate the heat release rate for those crank angles.

Qe = Q,Dgl- §.5 Cogjt&g.;. 53 ©8
g tov g 127

The new total heat release in region A described in Chapter 4 at any crank angle
including the premixed burn Qay isshown in Equation B.7. To account for the premixed
burn the total heat rel ease available to the premixed burn Qip is subtracted from the total
available at the current crank angle Qa,0and aportion for the premixed burn calculated in

Equation B.6 Qpm isadded back in as shown in Figure B.4.

Qan = Qa0 - Qpp +Qpy 8.7
Qa0
Qp
—Qpm —|_—
/
</

/

QA,N

Figure B.4. Premixed Burn Heat Release
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The heat rel ease rate then becomes Equation B.8 This equation takes into account
the vaporization of the fuel and the premixed burn duration. It also takesinto account the

ignition delay by setting Qrott+2tand Qrott to zero until the start of combustion.

QHR = QTot,t+Dt,N b QTot,t (B.8)
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APPENDIX C. DATA SETS

Sandia National Laboratories Constant VVolume Combustion Vessel Results

Heat Release Rate

Pressure Rise
246 mm nozzle
11
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0.7 q

0.5
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0.3 1

0.14
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-0.1 T T T T T T
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No heat transfer

0.9

0.8 4
0.7 4
0.6 4
0.5
0.4 1
0.3 4
0.2 4
0.14

0 F=r—ree

P-P, (MPa)

dP/dt (MPa/ms

-0.1 T T T T T

Heat transfer
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180 mm nozzle

0.4
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0.3
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0
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0.3
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-0.14 T T T T T T T T T T
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0.16
0.14 +
0.12 1

0.1
0.08 1
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\
)

P-Py (MPa)
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0.02 1
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71 mm nozzle
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008 0.05

;“? : g 0.04

< 006 $ 003

= =

& 004 < 0.02

a 3
0.02 4 T o001
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0
0.01
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Sandia National Laboratories Research Engine Heat Release Rate Results
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