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Abstract

This study describes a development of fuel semsdivasi-dimensional multi-
zone model for a direct injection compression igniDICI) engine. The objective is to
develop fuel sensitive sub models of the DICI costimn process and integrate them
into a thermodynamic engine cycle simulation. Theppsed spray and evaporation
models comprise the sub-models including fuel $eesspray breakup, improved zone
velocity estimations with transient fuel injecti@pray penetration and tracking of
evaporated fuel components. On these foundatigngian delay models are formulated
with two different descriptions based on the origirthe charge properties in a DICI
engine. The global ignition delay model is basedhenglobal combustion chamber
charge properties while the local ignition delaydalancludes variations in properties of
each spray zones. The Cetane number is used tolseaduel effect for both models.
Then, the premixed combustion model is reformul&bechlculate a proper burn rate
profile with respect to equivalence ratio and sthé&profile with diluted air.

While the developed models are validated and etediuay comparing the
predictions with experimental data, some of impartaonclusions have been made. In
the spray formation model, the degree of viscaailg surface tension effect on the spray

formation and air entrainment is much more pronedneith DME fuel. For the fuels

XVi



closer to the conventional DF2, the effect of thpssperties is minimal. The evaporation
model includes the behavior of evaporation at Ipiggssure. The rate of evaporation is
usually suppressed with higher pressure but atrlésveperature than typical engine-like
conditions, the effect is inverted. This effect htige significant for the low temperature
combustion. Of the two proposed ignition delay mMedee local model has a slightly
better accuracy compared to the global model. €belts demonstrate the improvements
that can be obtained when additional fuel spegifaperties are included in the spray
ignition model. Although the proposed fuel sensitoombustion model calculates fuel
effect to the combustion, the effect of ignitiorlajeto the overall result of engine cycle

simulation was much more dominant with given fuelthis study.
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Chapter 1

Introduction

Rudolf Diesel received a patent for the Diesel ragn 1892 in Germany [1].
Since then, this internal combustion engine has n@dely used in various applications.
Because of its high compression ratio, the theeffadiency of a Diesel engine is far
superior to a typical gasoline engine. However tdue nature of burning lean and
stratified mixture, nitro-oxide (NOx) and particulaatter emissions are higher than from
a gasoline engine.

Emission standards in the United States for theé&iengine have become stricter.
In addition to that, the newly designed Corporaterage Fuel Economy (CAFE)
standard proposed a new fuel economy for heavy digsel trucks [2]. Thus industry’s
demands for research and development of new teahies|to meet these regulations are
higher than ever. Furthermore, demand for renewaindesustainable energy resources is
increasing due to environmental concerns. To cdfietivese extensive requests of the
Diesel engine, various technologies are investejatel researched including high EGR

application, various injection strategies, new aatiarger configurations, after treatment,



as well as developments in fuels like Biodiesdl Rlepulsion fuel (JP8) and Synthetic

fuels like Dimethyl ether (DME) and synthetic jeef (S8).

1.1 Modeling approaches for a direct injected compssion ignition engine for

alternative fuel applications

A computer simulation enables studying the appbcedf alternative fuels in a
direct injected compression ignition (DICI) engingh details of the spray combustion
phenomena included. Insights from the computer lsiimn are essential for engine
design development, engine calibration or adaptaifalternative fuels to reduce
emissions and to achieve high fuel economy.

Figure 1.1 shows the general concept of an engimglation and required sub-
models. Among many parts of engine simulationntlest critical and complex part of
the engine simulation for alternative fuel applicas is the combustion. The combustion
of a DICI engine occurs within the stratified chatbat is created by the fuel spray, its
breakup and subsequent evaporation. The tempaitadaatial distributions of properties
in the spray and the heat release of the combuat®highly dependent on the fuel
properties and the burning characteristics. Theegefbis very important to introduce the

fuel effects on the combustion as accurate as lplessi
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Figure 1.1 General engine simulation flow and afe@quired models

The approaches of modeling the combustion in a BIgjine can be described in
three categories [3].

1) The zero dimensional (0-D) single zone apprasdumes uniform
cylinder charge properties and composition. Typychle burn rate of the combustion is
curve fitted with a Wiebe function or its variousriyatives [4]. Although this method is
versatile and computationally cost effective, thedel is not capable of predicting the
influence from various fuels on the combustion. Wiebe function needs to be carefully
calibrated for a specific engine and operating {diB, 6]. Since the 0-D single zone
models performs at a very high computational sptery, are frequently used where

massive number of cycles need to be calculated [7].



2) The multi-dimensional multi-zone model also kmoas 3-D
Computational Fluid Dynamics (CFD) model divides tithole engine cylinder into
small cells and calculates the combustion in amiar description. Because the model
calculates mass, energy and momentum equationshatmical reaction mechanisms
(reactive flow cases) in multiple cells, the resiolus of temporal and spatial
distributions of temperature and charge composteme very high. Due to radically
increased computing power, both commercial andenad3-D CFD codes are widely
used for studying alternative fueled DICI engirtdswever, even with recent highly
advanced computing techniques, it takes hours aé to calculate combustion and it is
not suitable for general system integration or belranalysis.

3) The quasi-dimensional multi-zone combustion ehaglan attractive
method because it is striking a balance betweerpatational efficiency and physical
fidelity. The quasi-dimensional model combines sahthe advantages of the zero-
dimensional models and the multi-dimensional modelpical model maintains a single
uniform zone outside of the spray while dividing #pray into zones to provide temporal
and spatial information. The spray phenomenon ssrilged with a Lagrangian
specification, so the zones carried with the spnaye in the combustion chamber. In
each zone, the quasi-dimensional multi-zone maulees the mass, energy and species
balance equations but does not explicitly solventioenentum equation. Therefore, this
type of models requires significantly less compgitiesources compared to the multi-

dimensional models.



1.2 Overview of quasi-dimensional multi-zone DICI ombustion concept

Many modern quasi-dimensional multi-zone DICI costimn models [3, 8—-14]
are influenced by Hiroyasu and his coworker’s wid#17]. Generally in the quasi-
dimensional model, the fuel is injected into thenboistion chamber according to the fuel
injection schedule and it forms zones at each sitap in both the axial and radial
directions. The radial zone may be further dividethe rotational direction around the
injection axis [13, 14]. Different zones have thaiwn mass of fuel according to the
injection rate. The mass of fuel in each zone @either specified or calculated by using
an empirical correlation based on the injection emaimber pressures and the injector
geometry. The fuel injected into the chamber igaly assumed to form a liquid core
until the liquid fuel jet break-up time has elapsedllowing the break-up, it is assumed
that the fuel spray atomizes to fine droplets, eaith a diameter equal to the Sauter
Mean Diameter (SMD) which is a function of the oger conditions at the moment of
injection. This is indicated in the time historyosin in Figure 1.2.

The air entrainment rate depends on the physicatipo of each zone, with
centerline zones receiving less and zones neaxutlee edge receiving more air. The
amount of entrained air is calculated based onereation of momentum applied to each
zone. It is assumed that the momentum of the zbameyainstant is equal to the
momentum given to the zone upon nozzle exit. Sineenass of fuel and injection
velocity of each zone is initially determined thedocity of the zone can be subsequently
calculated from the spray penetration correlatéorg then the amount of air entrained is
obtained by the zone momentum conservation. kssimed that fuel droplets begin to
evaporate immediately after break-up occurs. Betit Aand mass transfer for a single

5



evaporating droplet are considered in order to agmmstantaneous droplet temperature,
rate of evaporation and droplet diameter. The qotued spray evolution and evaporation
progress until ignition are illustrated in Figur@.1

The ignition delay is calculated as the delay tfroen the start of injection until
the start of combustion. This delay time includesetfor chemical mechanism to
produce enough radical pool so the fuel-air mixtae be ignited, as well as mixture
preparation time by the physical spray processels as breakup, air entrainment and
evaporation. At the time of ignition, the fuel va@mnd air mixture in each zone that was
prepared during the ignition delay is burned infiret phase of the combustion. The rate
of this initial combustion in each zone is calcathby a pre-mixed combustion model.
After all the prepared fuel vapor is consumed,idbiming rate is mainly controlled by
mixture availability because the physical entraintrend mixing process is much slower
than the chemical reaction speed. Figure 1.3 shiogs-cylinder pressure and apparent
heat release calculated from a measured pressigee tgnition delay and two phases of

heat release are clearly recognizable in the figure
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Figure 1.2 Conceptual schematics of spray comhuéioDICI engine in quasi-
dimensional multi-zone description. K is radialadition zone index
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Figure 1.3 Ignition delay and two phases of helgase rate of typical DICI engine

1.3 Literature review

In this section, models from the literature desogDICI combustion are
reviewed. The review is mainly focused on the swd@ts of quasi-dimensional multi-
zone combustion models for alternative fuels.

The classic spray penetration correlations of Wiagtwal. [18], Dent [19] or
Hiroyasu and Arai [15] are the most widely usedagenetration correlations in quasi-
dimensional models. However, the only fuel propergiuded in the correlation is the
liquid density and the correlation is calibratedddiesel spray. In addition to the
correlation of Wakuret al. [18] using a spray angle, more recently propogedys

penetration correlations [20-24] also chose thayspngle as a parameter. However, the



spray angle must be predefined from another cdioeland calibrated from experiments.
In addition, sensitivity to viscosity and surfaeasion is absent in [20, 21, 24].

The air entrainment can be calculated in two wBgsically the amount of the air
in the spray cone volume is the air entrainmertioth the spray angle and the spray
penetration are known, the air entrainment is dategd from the spray cone volume and
its geometry [15]. Two other well-known correlatsofor spray angle were developed by
Hiroyasu and Arai [15] and Reitz and Bracco [25}tal entrained air is the amount of air
in a spray cone volume, which can be calculateah filee tip penetration and the angle of
the spray. Siebers [21] developed a spray anglkelation which covers a wide range of
ambient conditions. The correlation however is anfunction of ambient air density and
liquid density. In addition, the model constant s determined based on the
experimental data. This method of calculating tihne@trainment can be difficult to
implement in a multi-zone spray model due to thkenamvn distribution of entrained air
over the different zones. On the other hand, iftteenentum of the spray zone is
assumed constant after injection, then, the chahgpray velocity can be interpreted as
the result of air entrainment [16, 26, 27].

A multi-component evaporation model is desirableifieestigating various
alternative fuels. The single component droplepevation model of Abramzon and
Sirignano [28] has been modified and extended toymmaulti-component applications
[29—-33]. Each research has a different approacthéomulti-component evaporation, but
these models except for Burggtal. [30] commonly express the evaporation rate for
individual species in terms of a fraction of totaporization rate. The fraction needs to

be calculated implicitly which requires an iteratmethod. Burgest al. [30] used the



distillation curve to fit a polynomial of the avgemolar mass changes during
evaporation. Then, the properties used in the madefitted with the average molar
mass. For a given fuel mixture Burgial. pre-computed a table of equilibrium results
for some properties as a function of the pressaneperature, liquid molecular mass and
mole fraction in the gas phase for the film arotimeldroplet. However, integrating such
models into a quasi-dimensional multi-zone framdwsmot recommended where a
simpler and more computationally efficient modedlésirable.

Due to the improved computing power, chemical koetechanisms are used
more frequently than before when calculating igmitdelay. These mechanisms are built
to calculate radical reactions of combustion preadsan individual fuel and the ignition
delay is a part of these combustion processescdtoulating an ignition delay in a DICI
engine, the chemical kinetic mechanism is typicatlypled with multi-dimensional
computational fluid dynamics simulation. Howeveree with current computing power,
detailed mechanisms are too big for CFD based ersginulation [34] and typically
reduced to less than a few hundreds reactions3[g5,

To achieve computational efficiency, the chemigaekc mechanism can be
further reduced. The Shell ignition model [37] veaigyinally developed to predict
knocking of spark ignition engine and used lateraf®@ICI| engine because the chemical
kinetic mechanism of ignition delay and knockinghe same. Since the mechanism is
highly reduced, the shell model needs to be cabbréor a particular fuel. Adjustable
parameters can be partially [38] or fully [39] taéted.

One of the most common methods to calculate th&ogrdelay is Arrhenius

equation type ignition delay models [15, 16, 40-43le Arrhenius equation is used to
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describe a chemical reaction rate where the invefriee average rate represents ignition
delay time. Activation temperature for the modedmsapparent activation temperature
because the average rate of reaction is a combimatimany different radical reactions.
Because the model is simple and a calibration poiemuch easier than for other
models, this type of ignition delay model is widelsed for quasi-dimensional multi-zone
combustion models [3, 10, 11, 16, 44].

For several decades, many researchers have begimsgtthe Arrhenius equation
type ignition delay correlations and applied thisa DICI engine. Numerous ignition
delay correlations are based on Wolfer’'s corretalith] which has been calibrated for
Diesel engines [40], constant volume bombs [15]aseous fuel cases [46]. Furthermore
the correlation is modified to capture various eegdperating situations such as transient
engine operation [41], biofuel applications [42{haust gas recirculation of Diesel
engine [46] or blended hydrocarbon fuels [47]. Ehearrelations are all developed and
calibrated to use global averaged engine conditidireyasuet al. [16] developed an
ignition delay model of a Diesel engine using lagiaday information such as temperature
and equivalence ratio for a quasi-dimensional radtie spray model. This model was
extended to recent multi-zone model [44]. In adaitiin an effort to capture the ignition
quality of different fuels, the Cetane number [42, 47, 48] or the amount of aromatic
contents [47] was included in the activation endayythe correlations In spite of all the
previous effort made for spray ignition delay, #hes still no definitive model which is
sensitive to the various fuels and applicable vade engine operating range.

Many burn rate models [49-51] used in the quasiedisional model are based on

a one-step global reaction rate which is expressttdArrhenius equation including
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frequency factor as a function of concentratiofuet and oxidizer. Westbrook and Dryer
presented a one-step global reaction rate modekioous hydrocarbon fuels [52].
Although their calibration was performed to cal¢elaminar flame speed, the

calibration result clearly shows slow reaction naith heavier fuels. To capture the two
phase heat release rate of DICI engine combustme precisely, separate burn rate
models are used for each phase [3, 13, 53]. Theipeel burn rate model is based on one
step global reaction rate and the mixing controbiach rate model is correlated to
account for physical preparation of vaporized fuad air.

Other types of burn rate calculations are ofterd usejuasi-dimensional
combustion model as well. Morel and Wahiduzzamang&eloped a burn rate model
with the rich equivalence ratio limit at 3. The nebcs made to have a maximum burn
rate at the equivalence ratio of 1. A simpler wagampute the burning rate of
combustion is assuming the burned fuel mass isgptiopal to the stoichiometric air-fuel
ratio [9, 17, 54]. With this model, all the availalfuel less or equal to stoichiometric fuel
mass is burned in each time step. This model magdeimple to accurately capture the
combustion of local spray zones of various fueld eperating conditions. Zhaat al. [10]
developed a new concept of fuel droplet group castibn model considering collisions
and interactions between droplets. In their woek¢bncept of flame surface is
introduced in a quasi-dimensional model platfornedtculate evaporation and
combustion of droplet groups. Although this conasgt calculate the DICI combustion
accurately, it may be too complex for the quasiehsional combustion model. Recently
calculation of combustion using chemical kineticctmenism is also attempted in a quasi-

dimensional multi-zone model [55].
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A limitation of the existing burn rate correlatiathat a new calibration of the
model is required for different fuels. When simiurgtalternative fuels, this could be a
critical drawback, especially when the calibratadrthe model against engine

experimental data is not available.

1.4 Objective

For the research and development of a DICI engitie aiternative fuel
application, fuel sensitive computer model is intaot. Without fuel property effect in
the model, intensive calibration must be done waade for each fuel and in many cases
this is not desirable. Most of the previously depeld models reviewed in the previous
section are developed based on the Diesel combuestio do not have the ability to
distinguish the fuel being used. The present sisiflycused on developing a fuel
sensitive combustion model for a DICI engine usrguasi-dimensional multi-zone
modeling framework.

The main goals of this dissertation are to:

* Develop a fuel sensitive DICI combustion model bydifying or develop
new sub models: spray formation, evaporation, ignitielay and burn
rate.

* Integrate the new sub models in a full engine cgoteulation frame work,
which should be fast yet accurate enough to pregigine performance

with various fuels.
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» Validate and evaluate the developed sub modelshenthtegrated cycle
simulation result in various experimental data sasltonstant volume
chamber with engine like conditions and alternativeded diesel engine
experimental data with different engine operatingditions.

The following chapters of the dissertation are arged as follows. The
development, validation and evaluation of spray ewaporation model are presented in
Chapter 2. In Chapter 3, two newly developed ignitilelay models which utilize global
and local in-cylinder information respectively gmesented. In Chapter 4, a new scaled
pre-mixed burn rate model is presented. In Chdpthe developed models are integrated
into a full cycle engine simulation and the evalabf the integrated cycle simulation is
presented. Chapter 6 summarizes this study andigtighthe conclusions and the

suggestions for future work.
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Chapter 2

Spray and evaporation models for multi-fuel mixtures for direct
injection internal combustion engines

In this chapter, direct injection spray and evaporamodels during the pre-
ignition period in the quasi-dimensional multi-zddeect Injection Compression
Ignition (DICI) engine simulation are presentede®pray penetration, the air
entrainment, the spray angle and the multi-compbeesporation models are modified
based on the models from [3] or newly developedaftarnative fuel applications. To
confirm the validity of the model, experimental @&tom the literatures were compared
with simulation results. In addition, the model aeior with different fuels has been

studied in wide ranges of ambient temperature aessspre.

2.1 Spray Model

The fuel spray is divided into zones as illustratefligure 2.1. Fuel injected into
the combustion chamber according to the fuel igactchedule forms a parcel during

each time step. Then, each fuel parcel is furthaded into small zones with equally
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distributed mass of fuel in the radial directiomn2 index is assigned according to the

zone location in the axial and radial directionshaf spray.

Index (,K)
Radial directioni

Side view Front view

Figure 2.1 Schematic of multi-zone spray concept

2.1.1 Spray penetration and breakup time

A classical spray penetration model for Internahbastion (IC) engines assumes
the jet velocity during the pre-breakup period rere@onstant equal to the initial

injection velocity, u,, . After the breakup time, , the spray slows down and its

inj

penetration is proportional to the square rootro&t[15].

S=uy,t t<t,
{S:,B\/f t>t, (2.1)
where 3 is a proportionality constant
The initial jet velocity is expressed as follows.
Uy =G4 20P [ p, (2.2)

The spray penetration at the breakup time is défagethe breakup length, which can

be calculated using Egs. (2.1) and (2.2).

l, =u,t, =Bty (2.3)
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In EqQ. (2.3), the velocity of spray at breakuy, is the same as the initial injection

velocity, u.. . Then Eq. (2.1) can be rewritten using Egs. (ari?) (2.3). So the

inj

generalized spray penetration model can be descabe

{S:Cd 2AP/p, [ t<t, 04

S=Cy\20P 1 p, Oft, Bt t2t,

Hiroyasu and Arai [15] used Levich’s breakup timedal [56] which is derived

from the wave stability analysis of the surfacdiquiid jets.

A
P

l,={ |—d, (2.5)

In their work, the coefficienf and the nozzle discharge coefficie@, , are fitted to the

experiment.
{ =158
2.
C, =039 (2.6)
Jung[3] modified this correlation using an actual nozakedarge coefficient.
2%°C, C, '

These models are extensively used in recent moite zombustion simulations.
However, the only sensible fuel properties of theselels is the liquid fuel density
because the spray penetration models relies doréakup model described in Eq. (2.5).
Other properties such as viscosity and surfaceders the liquid fuel are also important
to describe breakup phenomena. Detailed breakupophena and its mechanisms are
well reviewed in Faeth et al. [57] and Chryssak®][ More detailed breakup models

incorporating viscosity and surface tension cafolbi@d in many CFD applications.
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Among the various models the WAVE breakup mode] [5@ simple alternative
breakup time calculation model. This model staitk ¥he same stability analysis of
liquid jet surface wave as Levich’s model. Insteéderiving a correlation based on
many assumptions, the numerical solution of thdyaisais calculated and curve fitted.
The wave growth rat&), and the corresponding wave length are correlated with non-
dimensional parameters. These non-dimensional pessare calculated for the liquid

jet with velocity,u and initial blob radiusa.

05 )
Q(pla:*j - 0.34+ 0.38Ve.®

o 1+0h)(1+1.4X°°)
2.8
A g ol 0:4500°%) (1 0.°) =9
a (1+ OSWNQLN)M
where
We0.5
Oh=—'"—, X =0Oh We®
Re,
ua u?a
we, =2 ,Weg:'og Re, =2
o o v,

Using the wave growth rate and the correspondingeMength, the child droplet radius,

its parent blob radius, and characteristic breakup tine, are described as follows.

r=ByA B4<a
[(3rm?u120)™
r=min 053 B,4>a (2.9)
(3a%A / 4)
da a-r
— == (2.10)
dt T
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_ 3728Ba
NQ

T (2.11)
whereBy is the model size constant, typical value is @6dB; is the model time
constant which depends on the injector characiesist

In the multi-zone simulation context, the liquid femperature is assumed to be
constant as well as the velocity of the spray enfte-breakup region. The velocity, in
Eq.(2.8) can be the velocity of the zone beforakue. The rate growth rate and the
corresponding wave length are also constant uh@esigsumptions. Therefore, Egs. (2.10)
and (2.11) are constant and characteristic breakgcan be considered as the breakup
time of the spray. By setting the initial blob sthe same as the nozzle diametér, the

breakup time can be expressed as

3.726B,d,
t,=—7— (2.12)
AQ
In Figure 2.2 the variation of the WAVE breakup &im shown as function of

viscosity and surface tension. Surface tensionvasubsity shows opposite effects on the

breakup time.
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Figure 2.2 Breakup time calculation of WAVE breakupdel varying viscosity and
surface tension fokP=1100 bar and fuel density of 841 kdfor both cases. For surface
tension sweep, viscosity is fixed at 2.5 ffsac. For viscosity sweep, surface tension is
fixed at 25 mN/m.

2.1.2 Zone to zone interaction in the spray model

In the multi-zone spray model environment, the gpenetration is calculated for
each zone. The zone velocity is constant in thebopeakup region and equals the initial
injection velocity. However the injection procesgransient in a real engine with a
variable injection rate profile over time. The gdrljection with small lift creates slower
injection velocities followed by higher lifts withigher injection velocities. If zone to
zone interaction is not considered during the kupgleriod, the transient injection rate
causes zone overlapping in the spray particularthe liquid phase of the jet. This is not
physically permissible.

To resolve this problem a new penetration concegeveloped for the pre-
breakup region. At the start of injection, theiadivelocity, which is calculated from the

injection profile, of the leading zone is sloweaihthe velocity of the subsequent zone.
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Since the zones are parts of the continuous ligord of the fuel spray and the internal
circulation motion of fuel jet is neglected in tiifamework, it is reasonable to assume
that a faster zone pushes zone in front and bateszbave the same velocity. This zone
to zone interaction during the pre-breakup persochodeled by applying a momentum
conservation law. The new velocity for the liquimre is updated whenever new zones

are injected using the momentum conservation.

» without zone to zone interaction P with zone to zone interaction
t=0.27 ms The Btzones penetrated by
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Figure 2.3 Schematics of zone interaction condegdt: the classical model without zone
to zone interaction, Right: the new model with zémeone interaction.

Figure 2.3 shows the concept of zone to zone ictiera The figure compares

two spray penetration models without and with ztiezone interactions. On the left, the
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classical model calculation without zone interati®illustrated. The®izones of spray
show slowest penetration because the injectionlero¢gins with a transient slope. The
1% zones are falling behind and penetrate separadelyever with zone interaction
model on the right, thezones are pushed by the following zones. Theréfereones
within the liquid core stay together and the averagjocity is calculated from the total
momentum. However, after th& 2ones break up, they are allowed to be penetiated
the following liquid core zones. Thé zones gained enough speed and the separation
from the other spray is minimal.

After the breakup of the liquid core, the zone @o& interaction with direct
pushing assumption is not valid, because dropletsalliding with each other and
trajectories of each droplet are significantly eli#fint. In the multi-zone simulation
environment, individual trajectories of droplete aot traced and the initially distributed
fuel always stays in the zone. In this approachy, bones remaining in the liquid core
state before breakup participates in momentum ceasen for the calculation of
injection velocity. After breakup the zone trajegtiollows the penetration correlation.

The initial zone velocity is calculated from a gimajection mass flow rate

profile.
_ _ M (K)
w1, K)=y; (K)=—— (2.13)
! AA
wherem ., (K)is mass flow rate ok-th parcel obtained from the injection profile.

The mass flow rate of each zone is evenly disteitddior radial direction zones.

_ M (K)
)=

max

m (1, K (2.14)

The difference between injection pressure and amipiessure is expressed as follows.
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AP(K) = — [mpa,oe. (K)]

2p, CiA, (2.15)
The liquid core velocity is calculated by momentcomservation.
lmax K max
> > (my (1K) W, (1K)
1=K =Ky,
Usore = L K mae (216)
> > m(1,K)
=1 K=Ky,

The zone velocityy, (1, K) of all the existing liquid zones is assigned a&sdbre

velocity u_,. in the pre-breakup region. If the breakup timéhefzone is reached, the

core

spray velocity at breakup, (I,K) is assigned as_,, at that time.

The breakup time of each zone in a parcel linedelyreased in radial direction
according to zone geometry. The correction facanultiplied to the breakup time
calculated in Eq. (2.12) for each zone.

-{I -0.
(1-08),

max

|
t, (I, K)= —m=

b (2.17)

wherel . is maximum number of zone in radial direction.

Combining the WAVE breakup time in Eq. (2.17) wille spray penetration

correlation in Eq. (2.4) the final form of spraynegration is expressed as

23



S (m, (1, K)m, (1K)
K=Kgp . t t<t (1,K)

max

>, (1,K)

K=Kiip

S(l,K):ub(LK)/%?d“\/f t>t (I,K)

S(1,K) =

(2.18)

2.1.3 Air entrainment

The air entrainment to each zone is calculated svitihomentum conservation
concept [16] with additional details in [3]. Thatial momentum of the zone at the
breakup is equal to the momentum of the zone asahgequent distance traveled. The
outer zones have shorter penetration than innexszamhich leads to higher entrainment
rate. The shorter penetration of outer zone isaltref the shorter breakup time. The
velocity of zones slows down after the breakupthst the total momentum in the each

zone is kept constant by the amount of air entdhine

) ds(l, K)
dt

m, (1, K) @, (1, K) = (m, (1, K) +m, (I,K) (2.19)

By balancing the initial momentum of the spray zand the momentum of the

zone at any instance, the air entrainment of time zan be obtained.
ds(l, K
m, (1,K) =m, (I, K)[Eub(l : K)E—)!—lJ (2.20)
dt

By differentiating Eq. (2.19) the rate of air entrment is obtained.
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m; (1, K) lu, (I, K) d?S(1,K)
dsa,K) /) 2 (2.21)
( ( %t) it

m, (1,K) = -

2.2 Evaporation model

The model for single-component droplet evaporaicextended to multi-
component fuels. To reduce computational expehsdguel mixture in the droplet is
assumed to be a pseudo-single component fuel. Hss fraction of each component is
then recovered using Raoult’s law (ideal solutiaml the new liquid composition is
calculated as the droplet evaporates. This alsgmeess that the liquid drop has a uniform
distribution of species so the uneven evaporata of different components of the fuel
does not lead to diffusional effects. For very drdedplets this is a reasonable

assumption but could be important for low diffuies and high evaporation rates.

2.2.1 Single-component droplet evaporation

The droplet evaporation model calculates the rit@porized mass transfer from
the liquid droplet to the air. The temperatureigfiid droplet is increased by the heat

transfer from the surrounding air as shown in Fegi#.
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Figure 2.4 Schematic of evaporating fuel droplet

The classical droplet evaporation model [28] uSpglding mass transfer number

(2.22)

B, IS expressed as
am _ -, DShp, In(1+B,, )
dt
whered, is the liquid diameterD is the binary diffusion coefficienth is the
Sherwood number ang,, is density of the fuel vapor and gas mixture i film.
The exact temperature and fuel vapor fraction [@efin the film are too
complicated to model in the simplified evaporatiadel. All the gas phase properties

are evaluated at the film conditions. The mean tratpre and fuel vapor fraction of the

(2.23)

film are expressed from an assumed profile (vangtthrough the layer as follows.
+ T~ T

Tn =T,
3
X, =X, s

Xf,m :Xv,s+ ’
3

wherex is mass fraction. The subscripts indicate as Walw indicates vapoff, indicates

fuel, sindicates surface anrd indicates ambient condition far enough from draple
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The Spalding mass transfer number is defined fr@fowing equation.

By =—— 2.24
1- X, s ( )

The heat transfer from the surrounding air to troplkt is calculated from the following

equation by El Wakil et al. [60].

: z
Q= 7d’h(T, =T, )[ j (2.25)
e’ -1
wherez is given by
C,, dm
z=—2F 2 (2.26)
™k, Nu dt

Equation (2.25) is derived considering the amotith® energy required for heating the

film. The heat transfer coefficient = k Nu/d, in Eq. (2.25) is calculated for non-
evaporating condition. To include the evaporagffect on the heat transfer, a correction
factor,#(eZ —1) is added as in Eq. (2.25). The evaporating fuslixed with the air in

the film, and then diffuses out to the air. Both #ir and the fuel vapor in the film are
heated by heat transfer from the air as showngnr€i2.4To account for both fuel and

air in the film under mean condition in Eq. (2.28)ng the heat capacity of the film,

C, ., instead of the fuel vapdt,

p,m

»v IN EQ. (2.26) is considered to be more approgriat

All properties and non-dimensional numbers in EB25) and (2.26) are calculated at
the film condition. Nusselt number and Sherwood bemare calculated using the well-

known empirical correlations [61].

Nu =2+ 06Re,"* Pr®

2.27
Sh=2+06Re,"* ¢ (227
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Equation (2.27) is further modified by Arbramzordairignano [28] to consider the

Stefan flow effect which thickens the laminar boarndlayer.

NU =24+ Nu -2

f

Sh(—Brz) (2.28)
Sh' =2+

f(By)

where, B; = (1+ B,, )¥ -1, is the Spalding heat transfer number and

i Cp’V ( S]* J 1
X = — |
C,a JANu JLe

The modifying factord (B) are given by

Ind+B) (2.29)

f(B) = 1+B)"
B

whereB is the corresponding Spalding transfer number.

The temperature of the liquid droplet is given bivsg the droplet energy balance.

d, . .d
mC,, —- =Q+a L (2.30)
dt dt

wherel is heat of evaporatiot e(,ap)

2.2.2 Extension to multi-component droplet evaporabn

For a computer simulation, the fuel properties afenrange of temperature and

pressure are required and they are not readilyadlai Therefore a multi-component

fuel surrogate is often used for computer simurkatio
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To maintain low computational load of multi-compahevaporation model, a
fuel mixture is treated as a single component @toplth properties of the mixture. The
concentrations of each component are calculateRidmplt’s law which gives vapor-
liquid equilibrium in the film of the droplet. Thioncept for droplet evaporation of fuel
spray is based on the following assumptions.

First of all, a well-mixed liquid droplet is assuthgo that the Soret effect can be
ignored. Secondly, spatial distribution inside dineplet is assumed to be negligible. In
addition, ideal gas and ideal solution are assuifieerefore, Raoult’s law is applied to
calculate Spalding mass transfer number for themirgture. Lastly, the multi-
component fuel species are assumed to diffuseaintthus a simple binary diffusion
coefficient is used.

Since the fuel species are diffused only intotaigl fuel vapor flux in the radial
direction becomes the summation of binary spetie®$ defined by Fick’s first law.

n n ac, oc
_J:_ZJi:ZDi_:Dm_ (2.31)
i=1 i=1 or or

whereJ is diffusion flux in mol/(nfs), D is diffusion coefficient in rfis, c is molar
concentration in mol/fh The subscripts indicate as followsndicates species,
indicates number of total species anthdicates mean value at film condition.
Species mole fractiory; can be calculated from their concentration andrkan binary

diffusion coefficient is expressed as

Dv = Zn Diyi (232)

i=1
Using Raoult’s law the mass fraction of fuel vafiocludes all fuel components) at the

surface (film) for Eq. (2.24) is calculated fromliéaving equations.
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i=1
P
vap
Yos = 2.33
; (233)
Mv,s
Xv,s = yv,s—
M

avgs
whereP,,p is vapor pressure of mixtursy is saturated vapor pressure &has molar
mass.

The liquid droplet composition is can be calculaisthg mass conservation of each
component. The instantaneous mole fractions of v components leaving the

droplet at the surface are obtained using Raolas

YiiPari

Yiv="— —
z Vi1 Pat
=

(2.34)

where subscrigtindicates liquid.

2.2.3 High pressure effect on the fuel vapor

The compressibility of the fuel vapor is considetedalculate the real vapor
density at the film. In the film of a droplet, thapor and the liquid fuel are in
equilibrium. Thus a simple corresponding stategpal (CSP) method for the
compressibility of saturated vapor can be used. [B@] the mixture fuel, the pseudo
critical properties such as critical temperaturéioal pressure and critical

compressibility using Kay’s rule [63] are used &bctlate the mixture compressibility.
Z . =2+w,Z: (2.35)

whereZ is compressibility factor and is acentric factor.
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Then the partial density of the fuel mixture at i@ is given by

P =——— (2.36)
Z RT,

Kay’s rule in connection with a general equatiorstate as Lee-Kesler can provide
the compressibility factor if not known as welltas fugacity for the liquid phase of the
fuels. Such an extension would increase the contglbut make the model more

accurate compared to Raoult’s rule and ideal smiudissumption.

2.2.4 Initial droplet size calculation

At the breakup time, the droplet size distributt®meglected and all the droplets
are assumed to have the same size. The initialetreige is calculated using a Sauter

mean diameter (SMDUs, correlation proposed by Estes and Mudawar [64].
d, _ BN 05 ]—0259
d— = 367We, " Re, (2.37)

where

Wed — paubzdn ' Red — pl ubdn
g H

andd, is nozzle diameter.
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2.3 Results and discussion

2.3.1 Spray penetration model validation

To validate the new penetration model with thegraiged WAVE breakup model,
experiment data with three different fuels areexikd from the literature [65]. The
experiment measured spray penetrations of Diesghesan BioDiesel and dimethyl ether
(DME) in a common rail injection system under atptweric conditions. Injection rate of

each fuel is illustrated in Figure 2.5 and the prtips of fuels are listed in Table 2.2

Table 2.1 Test fuel properties at 293 K, 0.1 MPa

BioDiesel

Diesel (Soybean) DME
Density
Viscosity
(mrr12/s) 2.835 4,022 0.12-0.15
Surface tension
(kg/sz) 0.027 0.028 0.012
g% A
mé 20777,1,,,,,,L,,jc, L i,,,,
.5 15”773 777777 AR R deTNG i,,,,
S 1 1
=10
— i Diesel i
8 5F-- i: ----- Biofuel(Soybean - - if -
4(_—5‘ A T B LTIELELEL .
0: 0 ‘ I ; "4‘
0 0.2 0.4 0.6 0.8 1

Time after start of injection (ms)

Figure 2.5 Volumetric injection rate profiles forettest cases. The mass injection rate is
converted to the volume injection rate to identifg differences between the three fuels
more intuitively.
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The parameter of the WAVE breakup tinBg, is calibrated as 12.5 to match the
calculated spray penetration with Diesel fuel expental data. A comparison of other
two fuels using new model is illustrated in Fig@cé (a). In the experimental results,
higher viscosity of BioDiesel causes a longer bugatkime and results in longer
penetration. For DME fuel, low surface tension esusnger breakup length and spray
penetration. However, the effect of low viscosityewhelms this effect and results in
short penetration. Figure 2.6 (b) shows a comparigbthe penetration model from our
base framework [3] using Egs. (2.4), (2.5) and)(2ZIfie model employs classical
Levich’s breakup model and has no interaction mbééieen spray zones. In the
comparison the new spray model matches the sprastiagion better than the base
model. Especially, the new model can capture tletshpenetration length of the DME.
In the pre-breakup region, the DME case shows tjigiigher penetration, which is due
to the higher injection rate of the DME. The peattn result of the base model does not
distinguish three different fuel injections wellargh to reproduce the experimental data.
Overall, the penetration of DME is more distingaible from others due to its extremely

low viscosity and surface tension.
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Figure 2.6 Comparison of spray penetration withegxpent using (a) new model and (b)
base model for injection pressure of 60 MPa wighrm of nozzle size, ambient
temperature of 293 K and ambient pressure of 0.4.MP

Another comparison is made using experimental ilata [66]. The experiment
compared spray penetration of Diesel fuel #2 (D) JP8 in the constant volume
chamber at 21% £molar concentration. The estimated fuel proper®78 K for the
simulation is listed at Table 2.2. The calibratpagameteBl is calibrated as 10.0. In
Figure 2.7, a comparison of experiment data anghtbposed model is presented for both
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fuels. The results of simulation and experimentehagood level of agreement. In fact,
the spray penetrations of two different fuels agy\close to each other in this case.
Since the physical fuel property of DF2 and JP&latively similar compared to
previous comparison, the calculation results a$ ageéxperiment data are almost the
same. The slight over prediction in the later pathe penetration is due to the

combustion of the spray.

Table 2.2 Estimated fuel properties at 373 K, ORaM

DF2 JP8
\G]i?r?zzt)y 1.80 1.05
Surfg(c;e/stzinsion 0.0172 0.0150

Exp.: Diesel oo b .
O Exp.JP8 l l
New model: Diese| ‘ ‘

=
N
e
>

=
o
o

(0]
o

N
(@)

N
o

o

05 1 15 2
Time after start of injection (ms)
Figure 2.7 Comparison of spray penetration with @R&@ JP8 for injection pressure of

110 MPa with 0.18 mm nozzle diameter, ambient teatpee of 850 K, and ambient
density of 14.8 kg/th

Axial direction spray tip penetration (m
()]
(@)

35



2.3.2 Air entrainment model validation by spray ande comparison

The air entrainment into the spray cannot be dientasured form the
experiment or extremely difficult if possible. Hovez, the total air entrainment can be
considered as the total air inside of the sprayaatume. In this study, the spray
penetration and the air entrainment are calculted the model described in Egs. (2.18)
and (2.21). The spray angle can be calculated thm®e by assuming simple geometrical
shape of the spray as shown in Figure 2.8. Theyspr@onsidered to be composed with
two cones, one from the injector tip with the ldngt S5,1) and the other with the length
of [Y(1,1)-S(5,1)]. The volume of two cones is equal to the sunmhefihdividual volumes

of the zones.

S5,1) 91,1)-95,1)

< > €—>

-
1
1
1
1
1
1
1
1
1

S5, 1)tan(6/2)

............................... —— .

Figure 2.8 Geometry of spray cone

t
Vspray = zvz :Vconel +Vconez = z mz (t) z

t=t,

= E[s(al) Dar{gﬂz ifs(s2) +[s(11) - S(51)])

3 2

(2.38)
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Then, the spray angle can be calculated from theeygpenetration and air

entrainment as follows.

9= 2arcta{ Sél) \/%{ttzt m (t)] /(S(ll),oz )} (2.39)

Since the spray penetration is validated in th&iptes section, a comparison of
this spray angle with experimental results candsluo validate the model accuracy of
air entrainment. Experimental data of spray angkeasured from the same experiment
setup [66] in Figure 2.7 for Diesel fuel #2 (DR2) JP8 fuels is compared with the
calculated spray angle. In addition, other commasigd spray angle correlations are
also compared for the reference. The other twoyspngle correlations are given as
follows.

Hiroyasu and Arai [15]

2

5 025
6= o.o{&J (2.40)
U

Reitz and Bracco [25]
05
2) A o) 6
A=30+02 o
d,

(2.41)
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Figure 2.9 shows the comparisons of spray angtailzion over time. Hiroyasu
and Arai correlation given as Eq. (2.40) over-peeti the spray angle and Reitz and
Bracco correlation given as Eq. (2.41) under-pttedithe spray angle. The results from
the momentum conservation method, given as Eq0)2datch the experimental data
better than the other two correlations in the lptat of injection while the other two
correlations give constant values. The comparissnlt implies that the air entrainment

model using momentum conservation method is reédpnalid.

25F - —#&— Hiroyasu: DF:—&— Momentum : DF2| ~
—+— Hiroyasu: JP¢ Momentum : JP8
—V— Reitz: DF2 O EXP:DF2
Reitz: JP8 B Exp:Jp:

Spray angle (deg)

Time after start of injection (ms)
Figure 2.9 Comparison of spray angle models witheeixnent. The test fuels were
injected at 110 MPa to air in the high pressuresekat the ambient temperature and the
density of 850 K and14.8 kg/m3 respectively.

2.3.3 Droplet evaporation model validation

The evaporation model is compared with experimetdatd from three literatures.
Nomura et al. [67] measured n-heptane evaporatiosn at the atmospheric pressure in a

microgravity environment and with no convectivedldGokalp et al. [68] showed
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evaporation characteristic of the binary mixturendfeptane and n-decane with two
different blend ratio at the atmospheric pressiuastly experimental data from Stengele
et al. [29] provides the evaporation time and thleeity with free-falling binary mixture
of the n-pentane and n-nonane droplet under higbspre condition.

Figure 2.10 shows a comparison of evaporating riamepdroplet history with
two different ambient temperatures at the atmosplpeessure. In this case there is no
convective flow thus it is a limiting case for araporating droplet [61] and the Nusselt
number becomes 2.0. The computed droplet histmwslyood agreement with the
experiment data at 648 K, but slightly slower evagion at 471 K.

Figure 2.11 shows a n-heptane and n-decane miewaygoration comparison
with two different blend ratios. In the comparisboth the models calculated under-
predicted results at the latter stage of evaparafibe experiment was performed using a
suspended droplet and the suspension is not coedidethe calculation. Thus the effect
from the support might be the cause of a diffeexatporation rate in the later part where
the droplet becomes small as it evaporates anefthet of suspender becomes dominant.
In the experiment shown in Figure 2.10 was alstop@ed with a suspended droplet,
however the size of the suspender in the experimartatively small: 0.15 mm diameter
silica fiber verses 0.2 mm diameter with 0.4 mmmubéer at tip. Therefore the effect of
suspender is small for Figure 2.10.

The result of freely falling droplet case in Fig@42 shows that the presented
evaporation model performs well in high ambientsptee condition. For the evaporation
model, the velocity of the free falling dropletcialculated according to the method

presented in Stengele et al.[29]. The gravity fptike buoyance force and the drag force
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of the droplet are considered. The velocity oflirdalling droplet accelerated in the
beginning because the initial velocity of drope0i45 m/s and the drag coefficient of
droplet decreases as it evaporates. It is bechaselative velocity of surrounding gas

and droplet becomes small [28, 69].

I

i A Exp.0.1MPa, 471K
| O Exp.:0.1MPa, 648K
|

|

|

Model: 0.1 MPa, 471K
,,,,,,,,,,,,,,, Model: 0.1 MPa, 648K |

10

t/df) (s/mmz)

Figure 2.10 Comparison of single component fuepevation calculation with
experiment datad?/d? indicates regression of the non-dimensional dtapleface and

t/dj indicates the time normalize by the square ofahdroplet size. Experiment data is
obtained from Nomura et al.[67].
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Figure 2.11 Comparison of multi-component fuel eragion calculation with
experiment datad” indicates regression profile of the droplet suefdexperiment data
are obtained from Gokalp et al.[68]. Ambient presesaf 0.1 MPa, ambient temperature

of 372 K and External flow velocity of 1.45 m/s arged.
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Figure 2.12 Comparison of multi-component fuel eragion calculation with
experiment datau, in the second y-axis indicates the velocity ofdneplet..

Experiment data are obtained from Stengele poalAmbient pressure of 4 MPa and
ambient temperature of 550 K are used. Initial trofgmperature is 400 K.
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2.3.4 Liquid length comparison

The penetration length of the zone, which has reethliquid fuel and is the
furthest from the tip, is defined as the liquiddédm The calculated liquid length is a
combined result of jet penetration, breakup, zoneohe interaction and evaporation.
The experimental data for DF2 and JP8 are taken the literature [66]. The estimated
fuel properties at 436 K of DF2 and JP8 are usedgay penetration and breakup.
Multi-component surrogates are used for the evajporaA mixture of 49 % n-
tetradecane, 30 % n-decane and 21 % 1-methyl nalphtthin mass basis is used for DF2
[70]. A mixture of 18 % n-tetradecane and 82 % ond&tane in mass basis is used [71]
for JP8.

Figure 2.13 and Figure 2.14 show comparisons olidgiué length at various
ambient temperatures and densities. The experirasualts show that the liquid lengths
of JP8 are 10-15 % shorter than DF2 [66]. For Bdtaulation results show good
agreements with the experiment data over a widgerah ambient temperature and
density. As ambient temperature rises the fuelldtegvaporate faster and liquid lengths
becomes shorter. High ambient density causes stsmtay penetration. For JP8,
simulation results show shorter liquid lengths esgdly with lower ambient densities.

But in general current spray breakup, penetratr@hevaporation model can predict
overall trend of liquid lengths over a wide ambitrperature and density changes as

well as two different fuels.
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Figure 2.13 Liquid length comparison with variouskaent condition. The injection
pressure is 110 MPa with nozzle diameter of 0.246for DF2. Initial fuel temperature

is 436 K.
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Figure 2.14 Liquid length comparison with variouslaent condition. The injection
pressure is 110 MPa with nozzle diameter of 0.180for JP8. Initial fuel temperature is
436 K.
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2.3.5 Effects of temperature and pressure on fuepgy and evaporation

The liquid phase life times of fuel sprays calcedhtvith the presented model are
analyzed. The liquid phase life time is calculdtedn the start of injection to the end of
evaporation. In-cylinder ambient conditions attihge of injection, covering typical
Diesel combustion as well as other combustion madgethe region of interest:
temperature range from 500 K to 1000 K and pressurge from 10 bar to 70 bar. The
injection pressure of 600 bar, nozzle diameter.®8 @nm and fuel temperature of 314 K
were used. For the analysis, surrogates fuelsdsolme, DF2, JP8 and a single
component fuel of DME are simulated. The gasolumecgates are obtained from [72].
Other surrogates for DF2 and JP8 are describdtkiprevious section. These surrogates
with two-three components are selected to matciptbgeerties related to the evaporation
only. It is impractical to match all the propert@sreal fuel since the number of
component in the surrogates should be increasedisantly. The blend ratio of
surrogates and properties at the injection aredist Table 2.3.

Figure 2.15 to Figure 2.18 show the results ofilqphase life time for various
fuels. DME shows consistent evaporation trend énethtire sweeping range. Both
ambient temperature and pressure causes shougt liig time as they rises. For
gasoline, DF2 and JP8, the liquid life time arersdroas pressure rises at high
temperature. However in the low temperature regeow approximately 550 K, 680 K
and 650 K for gasoline, DF2 and JP8 respectiveghdr ambient pressure promotes

longer liquid phase life time.
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Table 2.3 Surrogate blends and properties at 31 KMPa
Gasoline
surrogate

DF2 surrogate JP8 surrogate DME

n-hexane 34 %n-tetradecane 49 %n-dodecane 82% dimethyl ether
100%
Blend ratio

(mass ba3|°\n -decane 21 % n-decane 31 % n-tetradecane 18% n/a
1-methyl

0,
n-heptane 45% naphthalene 20 % n/a n/a
Density 665.17 783.54 733.3 621.37
(kg/m’)
Viscosity
(mr‘r12/S) 0.588 1.634 1.567 0.164
Surface
tension 0.0193 0.0266 0.0246 0.0103
(kg/s)
Diffusion
coefficient
(m?/s) 7.76e-6 5.98e-6 5.78e-6 1.36e-5
Molar mass ) g¢ 164.98 174.61 46.069
(kg/kmol)
Gasoline
1000
g 900
et
S 800k
©
S
= 700
(] |
= 1
600+ 49— s
o 60082269 ‘&60082269 : 00118?;1%
500 0.0011881 0. 0011881 P Ann17157 :

10 20 30 40 50 60 70
Pressure (bar)
Figure 2.15 Liquid phase life time for Gasolineaspr
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Figure 2.17 Liquid phase life time for JP8 spray
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Figure 2.18 Liquid phase life time for DME spray

Such dependence of liquid droplets life time bebiawn the ambient pressure can
be also found in the previous experiments [67, TBg life time of liquid phase fuel
decreases with pressure increasing at high temyerdttut at low temperature its trend is
reversed. Evaporation time illustrated in FigurE92Xlearly show such trend captured by
the presented model. DME is extremely volatile cared to other fuels and the saturated
vapor pressure at given temperature is higher d¢ttaer fuels. Therefore suppressing
effects of high ambient pressure on the evaporagioelatively weak with DME. Thus
the tendency did not appear in Figure 2.18 buiguie 2.19 with much lower

temperature range. The reversal trend of DME cambiserved at around 300 K.
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Figure 2.19 Behavior of evaporation model with tenapure and pressure

2.3.6 Species history

Evaporation of multi-component fuel spray in fouffetent cases (25 bar and 55
bar at 600 K and same ambient pressures at 90€elSiraulated. The injection
conditions were the same as the previous sectmfRigure 2.20 to Figure 2.23 show
liquid mass fraction histories of species in theptiet with three different fuels. It is
obvious that species with higher volatility evagerfrst. At lower ambient temperature
conditions in Figure 2.20 and Figure 2.22, liglgpecies evaporates from the early stage

of evaporation while heavier species tend not epevate. Thus their composition
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increases fast with time. At higher ambient tempaeacondition in Figure 2.21 and
Figure 2.23, heavier species evaporate equally hgith species and lighter species
accelerates its evaporation in the later stagereftwe the composition of liquid droplets
does not change much at earlier stage.

In terms of overall evaporation time, increasing dmbient temperature at a
given pressure shortens the evaporation time. gttdripressure, evaporation time is also
decreased except for DF2 and JP8 fuel at 600iK bécause the dependence on the
pressure changes below 650 to 680 K for these &setdbserved in Figure 2.19.The
effect of the temperature on evaporation is magaiicant than the pressure. Ambient
temperature increment of 300 K reduces evaporatioe dramatically in both pressure

cases.
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Figure 2.20 Liquid mass fraction histories of tlmenponents at 25 bar and 600 K
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Figure 2.21 Liquid mass fraction histories of tlmenponents at 25 bar and 900 K
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Figure 2.22 Liquid mass fraction histories of tlmenponents at 55 bar and 600 K
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Figure 2.23 Liquid mass fraction histories of tlmenponents at 55 bar and 900 K
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2.4 Summary and Conclusions

This chapter presents the enhanced models for spichgvaporation for the
guasi-dimensional multi-zone DICI engine simulatftamework. These models are
capable of capturing various thermo-physical propgiof multi-component fuel which is
a key element in the adaptation of alternativesue@IDICI engine operation.

The modification of the classical phenomenologsmhy correlation using the
WAVE breakup model and implementing zone to zomeraction for the pre-breakup
region showed improvement of model fidelity andtoags behaviors of spray
penetration of various fuels. In addition, spraglarcomparison result validates the
current approach for calculating air entrainmerd.ra simple multi-component droplet
evaporation model has been extended from singlgopooent droplet evaporation. This
method proves the capability of predicting multigmonent fuel droplet vaporization rate
in various ambient conditions. In addition, the eleped model simulates evaporation of
penetrating DF2 and JP8 fuel sprays over a widgeahtemperature and pressure
conditions.

The major conclusions are as follows.

1. Surface tension and viscosity of a liquid fuel key properties that need
to be included in a breakup model in addition togiy and injection pressure
differences. This includes additional fuel speciffoperties in the model.

2. By adding a zone to zone interaction modeljibensistent locations of
the initial zones relative to the main spray isided. This improves the behavior and

consistency of the previous developed model okfiray.
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3. The proposed model allows a different compasitiothe vapor compared
to the liquid as influenced by different ambienhdiions and the fuel mixture
composition. The effect of an elevated pressumortant and included in the
vaporization process model. This can have a saamfiimpact on the ignition delay and
subsequent combustion, and generally improvesdieéty of the model.

4, From the evaluation of the model with variousl$un a wide range of
engine in-cylinder conditions, the model is ableapture a complex influence of the
temperature that depends on pressure and theyfeel This will become more
pronounced with certain conditions, such as eajbction or EGR, both leading to lower

temperatures.
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Chapter 3

Fuel sensitive ignition delay models for a local ahglobal description
of direct injection internal combustion engines

In this chapter, the Arrhenius type fuel sensispeay ignition delay models in
the quasi-dimensional multi-zone DICI engine sirtialaare presented. Ignition delay
models are developed using two different descmgtid he developed models are able to
capture ignition delay of typical fuels suitable [diesel engine operation including

dilution effect. Other kinds of fuels are also use@valuate the new models.

3.1 Ignition delay overview

Even though an Arrhenius equation type ignitioragiehodel can be used for
both spray ignition delay and the premixed chaggdion delay, the calibration of the
model for each case is very different because tbeiped charge ignition process
happens in a physically well prepared environmieant tthe spray ignition process. In the
premixed charge spatial variations are small sallddfusion/conduction processes are
minimal whereas in the spray there are strong lgeadients in most of the properties

and thus significant local diffusion type fluxeikel heat, species flux and shear.
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Figure 3.1 Comparison of n-heptane ignition of gpraconstant volume chamber vs.

shock tube ignition. Spray ignition delay is ob&drfrom ECN data base [74] and shock
tube data is obtained from Ciezki and Adomeit [Psksented data is scaled to 50 atm

using the following equatiorr._, =7, (50atm/P,,, )™

A comparison of spray ignition delay and premixgaition delay as a function of
temperature is shown in Figure 3.1. As seen irfiguge, the ignition delay behavior in
the NTC regime is usually not observable with d fggay where temperature and
pressure are under typical Diesel like conditiexxept for the cases of extremely early
injection. In addition, the apparent activation parature (which is the activation energy
divided by the universal gas constant) for thetignidelay is much smaller than for the
premixed charge ignition delay except in the NT@mee. In a premixed charge, the
ignition delay is mainly dominated by the chemigalcesses with vapor fuel and
oxidizer well mixed. Local variance of their cont@tions can be considered minimal as
well. On the other hand, the spray ignition is embmation of chemical processes and
physical processes with a stochastic distributioproperties like temperature and

equivalence ratio. The ignition in a spray occura ecal spot where environmental
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conditions such as concentrations of fuel and ariddiffer from location to location.

The local temperature is lower than the ambientesiperature due to the evaporation of
the liquid fuel. The local variance and transieghévior of the conditions are due to the
physical processes of the spray evolution. Asithed fuel penetrates into the ambient
air in the combustion chamber, it breaks up, evatest and mixes with the entrained air.
Therefore the concentrations of fuel and oxidizertmuously change while the spray

evolution process is happening.

100%
90% - O Chemical ignition delay

@ Evaporation
80% -
Breakup

70% -
1 1
1
Longer total I
40% -| ignition delay | | DF2
n-Hloddcane

60% -
50% -

30% -
n-heptane

20% -

Fraction of breakup and evaporation
time in total ignition delay

10%
00; e ), ) / x;;a/ ,/ /ﬁ/

1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 103109115121127133
Cases
Figure 3.2 Physical and chemical ignition delays
Figure 3.2 shows how the total ignition delay ibtspto the breakup time, the
evaporation time and the balance is the chemiced.tirhe spray ignition delay data are
taken from a constant volume chamber by SandisoNaltiLaboratories and they are

available in the online data base called the EnGimbustion Network (ECN) [74]. The

blend ratio and properties of the test fuels atedi in Table 3.1. The breakup and
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evaporation times are calculated from the sub-nsodieleloped in Chapter 2 for given
fuels. It should be notice that the total ignitdelays are normalized to 100% and the
breakup and evaporation times are not changingatieatly as appears in the figure. But
overall they occupy significant portion of totallagfor some fuels, thus it should be
considered in the spray ignition delay.

The breakup time model is a function of densitgcesity and surface tension.
Higher density, viscosity and lower surface tensesult in longer breakup time. As seen
in the result of Chapter 2 the viscosity and swfension need to be extremely different
from one another to have a significant effect tealup. Differences of surface tension
between fuels are not big enough to change bretkgoconsiderably. T70 has second
lowest viscosity among the fuels, but because g diensity, breakup time is longer than
fuels like n-heptane, n-dodecane, DF2 and JP8.

Saturated vapor pressure, diffusion coefficient lnéavaporation and specific
heat capacity are closely related to the evaparaiiocess. Faster evaporation time is a
result of both higher diffusion coefficient and hey saturated vapor pressure. In addition,
both higher heat of evaporation and lower liquidthmpacity prevent temperature rising
of fuel droplets. Therefore evaporation time tusnsto be shorter. Evaporation time of
n-heptane is shortest because the fuel has higatstated vapor pressure. T70, CN8O,
GE80 and BM88 have relatively low saturated vapesgure, which leads to longer
evaporation time. BM88 has lowest saturated vapesgure however also has relatively
low liquid heat capacity. Therefore droplet temper@rises little faster than others. In

case of evaporation process, the related fuel piiepef evaporation interacts more
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compared to breakup process so the result of esiporshould not be judged by a
single property of fuel.

For the chemical ignition delay part, the processtiongly influenced by its
chemistry. In addition the process is also verysiem to the detailed conditions in the
local gas mixture and its history. The variatiohgocal conditions are calculated by
breakup, evaporation and air entrainment proce3$es these physical fuel spray
evolution process is an important part for the niadeof the ignition delay in a DICI

engine.
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3.2 Fuel sensitive spray ignition models

To develop a fuel sensitive spray ignition delaydelpexperimental data of spray
ignition delay using different fuels in a same t&=tup are collected from the ECN
database. From this database, spray ignition akdegy of four different fuels (JP8, DF2,
n-heptane and n-dodecane) are taken and usedyfessgon.

The obtained data is pre-screened to match theiexgrgtal conditions close to
that of Diesel engines. For example, ignition déésgs than 2 ms, and injection pressure
difference of 1400 ~ 1500 bar data are used foregeession analysis. The test data used
for the analysis are listed in Appendix C. It ipmssible to conduct an experiment which
controls fuel properties or chemical reactionshef &uto ignition process in the fuel spray.
Therefore, in the experiment, control parametegdiarited to the environmental
parameters such as temperature, pressure, conopasitoxidizer, and injection

conditions. Table 3.1 shows properties and bletid far surrogates of the test fuels.

3.2.1 Formulation of fuel sensitive spray ignitiordelay model using global

information

Typically an Arrhenius type spray ignition delay eiebis developed as a function
of global temperature and pressure in the comhbustiamber. An Arrhenius type model
based on Wolfer’'s correlation[45] is one of the gliest models, which is traditionally
used as a spray ignition delay model in a Diesgirensimulation.

i [ms] = AP exr{ﬁj (3.2)
T

g
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where A4 is a pre-exponential parameter in-bas’, P is chamber pressure in baris

exponent for pressure sensitivilly, is global chamber temperature in K, afdis a

global apparent activation temperature in K.

This equation form served very well in the Diesagiee simulation for several
decades, however, the correlation does not comtaiables which can capture dilution
effects. In the ECN spray ignition delay data sehulated EGR data is included. To
simulate dilution by EGR, test data was selectedhe condition of various ambient
oxygen mole fractions which are experimentally colied by pre-combustion. Therefore,

Eq. (3.1) is modified to include the ambient oxygeole fractioryozyml.

g

7
Tig[ms] = AP Yo, o ex{_g} (3.2)
T

wherem s the exponent for the ambigdt mole fraction sensitivity. The charge overall
air-fuel ratio or equivalence ratio is not includesithey have very little influence on the

local ignition delay in the spray configuration.

Table 3.2 Individual calibration parameters forrfdifferent fuel using ECN test data

JP8 DF2 n-heptane n-dodecane
Ay (msibar") 0.6204 0.1853 0.2697 0.0332
n 1.0
m 1.0
04 (K) 2587.9 3350.7 2799.8 3946.6
R 0.9676 0.9148 0.9612 0.9778

For each of the fuels in the ECN data, the mod&lgn(3.2) is calibrated and the

calibration parameter sets are listed in Table B2 pressure and oxygen mole fraction
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exponentsr{, m) are found to be the same for the four test fudie listed calibration
parameters are implicitly includes the fuel progsrivhich affect the ignition delay of
spray. To develop fuel sensitive spray ignitioragahodel, these properties need to be
identified and used as explicit variables for tberelation. With a fuel spray, the ignition
delay is affected not only by a chemical ignitiangess but also by physical fuel spray
evolution processes such as penetration, evapoyaiioentrainment and mixing. The
effect of all these processes on the spray igndeday is still unclear and to separate and
observe the effects of these processes in theiexgaris almost impossible as well.

The Cetane number is a traditional parameter thatacterizes ignition quality of
the fuel. The standard procedure [76, 77] for meaguhe Cetane number utilizes spray
ignition apparatus such as cooperative fuel rebe@ER) engine or ignition quality
tester. Since the procedure measures the appdiectiaf a fuel on the spray ignition
from the tester, the Cetane number is the paramatieh takes into account both
physical and chemical ignition processes. Sincai@humber is measured with a
specific operating conditions and test equipmér ignition delay in a real engine can
be different between fuels with the same CetanelbeunThe ignition delay varies
depending on different ambient conditions and thadtered by different equipment and
operating conditions. The deviation between fual$ effect of environmental condition
of different engine condition can be captured leyAlirhenius equation.

Some of the ignition delay models [42, 48] util2etane number for modeling
the activation energy. However, apparent globavatibn temperatures do not vary as
much as parametéy. With the temperature range of typical engine $ation situation,

the activation temperature differences are evenpesnounced. Figure 3.3 shows that
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using average apparent activation temperature, Bl attually fits reasonably well with
different fuels although n-dodecane result shovghty larger error than others. In fact,
small variations of apparent activation temperaindecate local temperature sensitivities
of ignition delays for different fuels are maskeadtbe spray processes. Compared to the
activation temperature variation of different fuglgpremixed ignition delay experiment
[78, 79], the deviation in spray ignition delaywery small. When averaged apparent
activation temperature is used, the trend of mpdeimeteA, against Cetane number
becomes monotonic and can be expressed by a faraftibhe Cetane number as seen in
Figure 3.4.

The curve fitting of the pre-exponential paramétgbecomes a simple power

function of the Cetane numbeéN.

A, = 40287CN %% (3.3)

By substituting Eq. (3.3) into Eq. (3.2), the fgehsitive spray ignition delay

using global information (global information modbBcomes as follows.

T,4[ms] = 40287CN Py ex;{in] (3.4)

¢}
This global model uses the Cetane number as tledsall specific information
build into this model. Together with the overalbeye pressures, temperature and

ambient oxygen concentration these variables a@igiing the ignition delay.
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Figure 3.3 Comparison of activation temperaturesmHEq. (3.2) with exponent -1 for
both pressure and ambient oxygen mole fractioneexyental and calculated ignition
delay can be expressed as a simple exponential fAEmp(H/T).
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Figure 3.4 Monotonic behavior of pre-exponentiaiapaeterAy and its curve fitting
model.R?=0.9829

66



3.2.2 Formulation of fuel sensitive spray ignitiordelay model using local spray

information

The actual ignition occurs in a local spot of ingetfuel spray. Therefore, the
global ignition delay model cannot capture the deon of local conditions such as
temperature, and equivalence ratio from the avethgmber condition. To enhance the
spray ignition delay model, such local conditioformation should be utilized. This
information is available with the enhanced spray evaporation model described in the
previous chapter. In each zone, the concentratraial density) of oxygen and fuel

vapor is calculated as follows.

P
[0,]= y_R; and [F]=2:P (3.5)

z z

where ;] and [F] are concentrations in mol/c°’myOz and y. are mole fraction®? is

global pressure in baR is universal gas constant: 83.1446°dvar/(mol-K) and is
zone temperature in K.

Since a part of the physical process of sprayimgmidelay such as break up and
evaporation is captured by the multi-zone sprayehdte ignition delay model is
required to capture the ignition delay dominatedhgmical effects. The Arrhenius
equation used for the premixed charge ignitionyebperiment [78, 80, 79] data fitting
is considered as a chemical ignition delay con@tatThus for the ignition delay model
with a multi-zone spray model, the following coatbn is used.

£ () = Ao, [F ] {Tij @5)

z
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where, T, is delay time in ms from breakup to ignitioA, is pre-exponential parameter

"M nandm are exponent that determines effect of concentratindd

in ms- (mol/cm)
is apparent activation temperature in K.

Although the multi-zone model captures physicat pargnition delay by
calculating concentration of each zone, there ddiianal information which should be
implicitly captured by the experimentally deternmdrgre-exponential paramet&rand
apparent activation temperatuteln addition, breakup time is not included in the

ignition delay since there is no fuel vapor in gome during this period. The evaporation

process starts after breakup and generates fuets/aphus Eqg. (3.6) is defined to
calculate the delay time,,, from breakup to ignition, which includes evapavattime

and chemical ignition time.

By reformulating Eq. (3.6), the uncertainties of fphysical part of the ignition
delay can be identified. Replacing the concentratieoms in Eq. (3.6) with Eq. (3.5), the
delay time,r,, can be expressed as follow.

P—n—m h-m 9
Tga[Ms] = AW Yo, Yr eXF{T—J (3.7)

z
The mole fraction of fuel can be also expressetl egfuivalence ratio and molar oxygen-

fuel ratio.

Yo,¢
Y = (3.8)
a

wherea is the stoichiometric molar ratio of oxygen tolfukhe ratio is equal ta+0.25b
with a hydrocarbon fuel, £y,

In EqQ. (3.8) , the definition of equivalence rasexpressed with mole fractions.
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where subscripT andR indicates stoichiometric condition and real coruditi

respectively.
After the mole fractions of fuel in Eq. (3.7) eplaced with Eqg. (3.8), the

equation becomes,

A -Mmp-n-m,,—n-m H 1
Tde.[mS]={$}¢ P ™Yo, {exr{—J nm} (3.10)
R o™ T, )T,

The first curly bracket of Eq. (3.10) is a constiamt contains some fuel information.

Thus the whole bracket can be expressed as anuthexponential parametdy. Then

the pre-exponential parametercan be written as follows.

{%} =A (3.11)
R a™
A=AR o™ (3.12)

Finally, by substituting pre-exponent parametem Eq. (3.6) by Eq. (3.12), and

use g, instead of} to signify the new model, the equation becomes,

rlms]= AR a0, [F]™ exl{iJ (3.13)
T

z
whered, is local apparent activation temperature for thatinzone spray model in K.
Note that all the calibration parametemsr(, A, andfd, ) are model constants applied for
all the different zones. The local information ugethe model is the temperature and the

two concentrations.
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In theory, the equivalence ratio of the spray cleamgignificantly during the
evaporation and air entrainment processes, theréherequivalence ratio can range from
zero to infinity. If the equivalence ratio reacledreme values (small or large), ignition
delay must become longer since there are not enoxidgizer or fuel molecules to
interact with each other. The minimum ignition detkbes not necessary have to be
located at equivalence ratio of 1. In Eq. (3.1, ¢oncentration exponents represent
sensitivity to the concentration, hence to the eajence ratio. As seen in the Figure 3.5,
positive exponents for bothandm are desired for the desired response with regpect

the change in equivalence ratio.
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Figure 3.5 Effect of different values of concentratexponents

In EqQ. (3.10), the pressure exponentisr(). This exponent should be the same

value as the exponent value from global sprayigmidelay model in Eq. (3.4) because
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of the global pressure assumption. Thus a critgnemm=21) can be used in addition to

the positive exponents for current test fuels ia gtudy.

Table 3.3 Parameters for local ignition delay model

JP8 DF2 n-heptane n-dodecane
A, 1.76E-4 1.13E-4 9.99E-5 4.56E-5
n 0.8
m 0.2
g, (K) 4000

N

=
&)

Pre-exponential parametgr

Cetane number

Figure 3.6 Regression of pre-exponent paranfgteersus Cetane number for local
ignition delay model.

After implementation of Eq. (3.13) in the multi-zvbmodel, calibration
parameters are obtained using ECN data and listédble 3.3. For simplicity, a fixed
apparent activation temperature and only one siteofoncentration exponents are used.
The obtained pre-exponential parametgare presented in Figure 3.6 with respect to
Cetane number of the fuels. It shows that the gpmeential paramete; can be

described as a power function of Cetane numbeiagita global ignition delay model.
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In addition exponent for universal gas constarign (3.13) is also-§-m) for all the test

fuels. Therefore,
A = 984x10°CN™Y* (3.14)
AR =1183x10°CN "% (3.15)
Finally, the fuel sensitive spray ignition delayaebusing local spray information

becomes.

T4 [ms] = 1183x10°CN~#g~%2[0, | **[F]™® ex;{ﬂocj (3.16)
T

Using the ignition integral by Livengood and Wu [8the ignition time g, is

obtained from the condition
tign 1
ft —-=1 (3.17)

wheret,, ., is the breakup time of the spray. Note that thetisg time of integration is

the breakup time.
3.3 Results and discussion

3.3.1 Result of developed spray ignition delay motie

Predicted ignition delay by the two developed igmtdelay models is compared
to the corresponding experimental data and predemtéigure 3.7 and Figure 3.8. In the
figures, the test points have various combustiander density and ambient oxygen
contents except for n-dodecane case. Thus theagmelay shows in the chart is

scattered. In order to identify validity of the pased models easily from the figures,
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presented data are scaled to 50 bar and 21 % oxyigleexponent -1 using the

following equation and illustrated in in Figure &8d Figure 3.10.

-1

-1
= Tid[5osarj 021 3.18)

Yo, amb

As seen in the figures, both models predict théimmndelay very well for most
of the data points. The local ignition delay mocigbtures the trend of ignition delay
slightly better for DF2 and n-heptane fuels. Theataons of local conditions within
spray are captured with the local model so theaspoé ignition delay at the same
temperatures can be captured properly.

Table 3.4 shows results of each fuel for the two models. The ayeRf values
are about 0.92 for both models. When compareddibaispray ignition delay model,
using the local information of spray improves thegsion except for n-heptane case. As
seen in the Figure 3.10 (c), this is mainly becdbegredictions are slightly biased
towards shorter delay. Since n-heptane is thedgil@mong the four test fuels, it has the
fastest evaporation rate. The concentration offlareh-heptane changes faster than the
other fuels as well. Therefore, the exponent vaiigesi for local ignition delay model is
less close to the optimal value for n-heptane asdlts in a less accurate prediction.
Average root mean square errors for the globallecel models are 0.0971 and 0.0957

respectively.
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Table 3.4R? of two fuel sensitive spray ignition delay models

Fuel Global model Local model
JP8 0.9467 0.9594
DF2 0. 8884 0.9024
n-heptane 0.9223 0.8865
n-dodecane 0.9074 0.9269
Average 0.9162 0.9188
(a) JP8 (b) DF2
G | | 7z 2 |
E A E
1.5 1.5¢
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Figure 3.7 Prediction result of fuel sensitive spgmition delay model using global
information original data
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Figure 3.8 Prediction result of fuel sensitive gpgmition delay model using local spray
information original data
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Figure 3.9 Prediction result of fuel sensitive spgmition delay model using global
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Figure 3.10 Prediction result of fuel sensitiveagpignition delay model using local
spray information scaled to 50 bar and 21% oxygen.

3.3.2 Comparison with other spray ignition delay mdels

To highlight performance of the developed modéils,gdredicted results from four
other ignition delay models for a Diesel enginesrewn in Figure 3.11 to Figure 3.14.
Wolfer’s ignition delay model [45] is calibrated 24 % ambient oxygen case of

DF2 and presented in Eqg. (3.19).

(3.19)
.

g

Tiq[ms] = 095pP™ eX[{ 3350-7}
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Aligrot’'s model [47] in Eq.(3.20) is developed kdon various blend of fuel
with different Cetane number from 20 to 60. Param&ffrom Wolfer's model is

expressed in a linear function of Cetane number.
Tq[ms] = exp(— 355x107°CN - 762])P'°35 ex;{@] (3.20)
Tg
Rakopoulos’s model [11] in Eq. (3.21) is used iaitistudy of ethanol-Diesel fuel
blends. Parameté is calibrated to 4.5 msa "' for DF2 fuel in ECN data at 21 %

ambient oxygen case.

(3.21)

¢ )= AP ex p[2100< x 3544/(CN + 25)}

T

Zheng’'s model [42] in EQ.(3.22) is developed totaap oxygenated fuel effect of
biodiesel fuel. The activation temperature frons timodel is modified from Watson'’s
model [40] using Cetane number. Cetane number @fw6buld have a factor of unity.
Parameters, k andn used for comparison are 6.1-bes>%, 0.1 and 1.02 respectively.

2100x 713/(CN + 25)
T

g

14 [m8] = A0, ] e + [Fo L) P exp[ J (3.22)

where [OZ] IS oxygen concentration in intake fIO\[\EO]fuel is equivalence oxygen

intake
concentration in fuel.

The result of calibrated Wolfer's model in Figurd Bshows that prediction
result of each fuel aligned in parallel with eathen except for n-heptane. This is
because the calibrated activation temperature k#t ised for this comparison is close to
the calibrated temperature of the global spraytigmimodel in Eq. (3.4). Result of n-
heptane is scattered because ambient oxygen cemteakperiment data ranged from 8 %
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to 21 % and the model does not captures the vamiaiihe application of Aligrot's model
in Figure 3.12 results in the most scattered restlihe pre exponential parameter is a
function of Cetane number and determined with teeperimental results with
corresponding activation temperature. Becauseitgadion temperature is much higher
than the calibrated temperature, the model doeper@drm well with ECN test fuels.
Figure 3.13 shows Rakopoulos’s ignition delay madsults. This model is the only
model that is developed for a multi-zone model agnitve four models in the comparison.
However, the calculated activation temperatureuigedow; for Cetane number from 38
to 80, the activation temperature change from 4BK to 708.86 K. Also the model
does not capture dilution effects. Thus even aiddibration of parameteX, the results
show a discrepancy with experimental data. Figutd 3hows Zheng’'s model result.
This model also shows lower activation temperatu28%6.7 K to 1432 K respectively
for Cetane number from 38 to 80. This model cagtore/gen concentration of intake air
and oxygenated fuel, but due to the lower activetemperature the model does not
exhibit a good result.

The result of all four ignition delay models shatlvat they are inadequate for
predicting the ignition delay of different fuels @ituted conditions other than the fuel

range that each model was originally developed for.
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Figure 3.11 Prediction result of calibrated Wo#egnition delay model scaled to 50 bar
and 21% oxygen.
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Figure 3.14 Prediction result of calibrated Zhengistion delay model scaled to 50 bar
and 21% oxygen.

3.3.3 Performance of developed models for other flsein the ECN

To investigate the performance of the two develapedels for other alternative
fuels, experimental results of different test fuasmely, T70, CN80, GE80 and BM88
from the literature [82] are compared with the nmqgatedictions. The test data used for
the comparison are listed in the Appendix C. THasks are oxygenated fuels except for
CN80 and the ignition delay is measured using #meesconstant volume chamber setup

in Sandia National Laboratory as done with the jonev test fuels. The acquisition of the

83



ignition delay is performed with 21 % ambient oxyge three different ambient
densities (7.3, 14.8 and 30 kgjmiThe properties of these test fuels are listeTable 3.1.
Ignition delays for these additional test fuels eateulated without re-calibration of the
global and the local ignition delay models.

The results illustrated in Figure 3.15 and Figu3Ihows that the developed
ignition delay models are not suitable for preaistof other fuels without any re-
calibration. In both cases, sensitivity with the&@e number is exaggerated. Thus the
predicted results generally show longer ignitiofagléor T70 and shorter ignition delay
for the other fuels compared to the experimenttd.da both Figure 3.15 and Figure 3.16
the activation temperatures of the models are smédan their optimal values to match
with the experimental result of for CN80, GE80 &1d88. In addition the deviation
comes from the fact that the activation temperadfitbe models does not explain the
sensitivity of the experimental results to the tenapure. The scaled experimental results
show different temperature sensitivity dependingh@nambient air density for fuels like
GE80 and T70.

The local model utilizes oxygen and fuel concerdret of local zones. These
concentrations are the outcome of enhanced subismofleulti-zone model, which are
capable of capturing physical property differenaesach fuel. Only the remainder
effects are captured by the calibration of the rhodie a result, the local model is a bit
more sensitive to the different conditions of tiperimental setup. Therefore, this model
performs slightly better as seen in Figure 3.16.

The other models in Egs. (3.19) to (3.22) are &dsted with T70, CN80, GE80

and BM88. These correlations are not re-calibréaethe new set of the fuels. The
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results are shown in Figure 3.17 to Figure 3.2@yTdenerally do not capture different

experimental conditions well. Figure 3.17 showg tharent calibration for Wolfer’s

model is not acceptable for the test fuels. Aligratodel in Figure 3.18 shows better

performances than that shown in previous sectiawdver Cetane number effect is

more exaggerated than global or local model regsulsgure 3.15 and Figure 3.16.

Rakopolous’ model in Figure 3.19 shows scattersdltdut less sensitive to the

temperature because initially the model did notehavough variation to the pressure and

having small activation temperature. Zheng’'s maadéligure 3.20 captured pressure

effect pretty well but again the overall sensifnid the temperature is very small which

result in much smaller variation in ignition delegmpared to experimental data.

=
a1

o
a1

Ignition delay (ms)
=

o

15

Ignition delay (ms)

(@) T70

]
A

o
A

> a p»

-]
N
A

>>b 0O

a
a4
0.8 1 1.2
1000/T (L/K)

(c) GE8O

1.4

0.5

A A
A AA A
VNN (|

A a
a A god”

ap b

08 1 12
1000/T (1/K)

1.4

(b) CN8O
~ 15
[%2]
E
g 1
g A
A
g A
205 N AA; o
c AA o
JRTY
08 1 12 14
1000/T (1/K)
(d) BM88
~ 15 ‘
g A Experiment A
—~ O  Prediction: Global
g 1 A
8 A
c
:+CE) 0.5 ﬁ & g o
C A o
=Y O ﬂ‘. ﬁﬂg o

08 1 12 14
1000/T (1/K)

Figure 3.15 Result of global ignition delay cortada scaled to 50 bar and 21% oxygen.

85



(@) T70

— : :
£ 15 A
> B
T
o 1 N B
S g A
5 @ a
205 o8 EEAA
> N 4 a

O L L L

0.8 1 1.2 1.4
1000/T (1/K)
(c) GE8O
15 ‘
(72}
E
A

z 1
) A
© B
c A A &g
£ 05 s gt 9 a
E o [m] E]l
> o g HoB

O A‘ A ‘ ‘

0.8 1 1.2 1.4

1000/T (1/K)

=
ol

o
[

Ignition delay (ms)

=
ul

o
a

Ignition delay (ms)

(b) CN8O

[EEN

A

o § Qéﬁgﬁl

0o > »

0.8 1 1.2

1000/T (1/K)
(d) BM88

1.4

A Experiment
O  prediction: Local

H

m »>bp

:

A
B ﬁﬂﬁ

>EEO

A

B

N
0.

1000/T (1/K)

8 1 1.2

1.4

Figure 3.16 Result by local ignition delay scaled0 bar and 21% oxygen.

86



=
CL

o
CL

Ignition delay (ms)
|—\

o

=
o

o
4

Ignition delay (ms)

() T70

N

=]
A A
A

a
oA
ﬂA

> bap

og 4

08 1 1.2
1000/T (1/K)
(c) GESO

1.4

|

oD@ A ,
AA A

08 1 1.2
1000/T (1/K)

1.4

=
ul

o
o

Ignition delay (ms)

=
ul

o
o

Ignition delay (ms)

(b) CN8O

[ —

a A

o

[+ ]
AA:AAA
A

g o

A ‘ﬁ | |

0.8 1 1.2

1000/T (1/K)
(d) BM88

1.4

A
a

o>

Experiment
Prediction: Wolfe

=

>po”

=]
o
o 2
oP A
n“AAﬁA
A A A

08 1 1.2
1000/T (1/K)

1.4

Figure 3.17 Prediction result of Wolfer's ignitidalay with T70, CN80, GE80 and
BM88 scaled to 50 bar and 21% oxygen.

87



(@) T70
0 - Ta
é 15 o
>
C_U o a
8 1 [m] = N
g o m " A
; L n
205 o gémﬁ
=y A g
O L L L
0.8 1 1.2 1.4
1000/T (1/K)
(c) GE8O
~ 15 ‘
)
E
A
g 1
3 A A
o5 At e et
= g o
2 0 NE BDEE |
0.8 1 1.2 1.4
1000/T (1/K)

(b) CN8O

~ 15
0
E
g 1 A
3 N
c o
S 05 ap 8
= A o M
A o
k= . u‘g 55,8@1 |
0.8 1 1.2 14
1000/T (1/K)
(d) BM88
~ 15 :
g A Experiment A
: O  Pprediction: Aligrot
8 1 A
9 A
c
S 05 Aﬁ A
.E A n
SR & Lk
0.8 1 1.2 14
1000/T (1/K)

Figure 3.18 Prediction result of Aligrot’s ignitiatelay model with T70, CN80, GEB0
and BM88 scaled to 50 bar and 21% oxygen.

88



(@ T70
D | N
E 15
g R
g 1  moiagge
IS "o ooEla
"é' 0.5 ﬁAA
2 Ad a2
O I I I
0.8 1 1.2 1.4
1000/T (1/K)
(c) GESO
15 ‘
(2]
£
A
& 1
[ g oot
o o o UDE B 6
.§ 0.5 nzﬁﬂga N
g NN A
- O A‘ﬁ A ‘ ‘
0.8 1 1.2 1.4

1000/T (1/K)

15
()]
E
g 1
()]
o
[
.g 0.5
c
k=)

0
15
w0
E
g 1
()]
o
c
205
c
k=)

0

(b) CN8O

o
»p oOn
- Ppo0n
>po O
B OO
PD}D
opap

o | pp OOp

1 12
1000/T (1/K)
(d) BM88

A\
0.

1.4

A
u]

Experiment

Prediction: Rakopoulgus

A
o
a

oo

o

Oo O

> OO0 o

P> OO 0O
[ g;a]n!

PE O

> O

A A
0.8 1 1.2
1000/T (L/K)

1.4

Figure 3.19 Prediction result of calibrated Rakdpsugnition delay model with T70,
CN80, GE80 and BM88 scaled to 50 bar and 21% oxygen

89



Ignition delay (ms)

Ignition delay (ms)

=
ul

=

o
o

o

=
ol

=

o
o

(a) T70 (b) CN8O
‘ "a = 15
E
> |
A A § ! A
A A
g8 c A
ogheh S 0.5
N o Afy A
A ﬁ A - 0 A A A
O 8 l 1.2 14 0.8 1 1.2 1.4
1000/T (1/K) 1000/T (1/K)
(c) GE8O (d) BM8S
‘ ~ 1.5 ‘
g A Experiment A
A ~ O  Prediction: Zheng
>
& 1 A
A N 3 A
s A
g é 805 TER:
o B g = og B75°
2 k=
A A A ‘ 0 A FAY A ‘ ‘
0.8 1 1.2 14 0.8 1 1.2 14
1000/T (1/K) 1000/T (1/K)

Figure 3.20 Prediction result of calibrated Zhengtstion delay model with T70, CN80,
GE80 and BM88 scaled to 50 bar and 21% oxygen.

90



3.4 Summary and Conclusion

In this chapter, two fuel-sensitive spray ignitaelay models are developed: a
global model and a local model. These models follegvArrhenius type expression
modified with the oxygen concentration and Cetamalmer to extend the range of
validity. The models are also sensitive to presgdeasity) and dilution, which is
important for use in modern engine EGR applicatimngmission control. Both models
were calibrated with four different fuels (JP8, DRzheptane and n-dodecane).

Spray ignition correlations previously developedoliyers are typically calibrated
with a specific fuel, mostly Diesel fuel and thegvk to be recalibrated if they are
intended to be used for different fuels. Unlike ginevious models the models and
methodology developed in this investigation show\good predictive capability with a
single set of calibration parameters for differiergls. The deviations between models
and experimental data are significantly less thawipus models.

However, the proposed models have a limitatiorr@djgting the ignition delay
of synthetic/oxygenated fuels. It was found that @etane number is not sufficient to
explain the behavior of synthetic/oxygenated faeld a simple change in the activation
temperature cannot cover the behavior either. Aaftht fuel specific information would
be required to extend the proposed models to thibse fuels. The proposed models
have relatively better predictive capability cormgzhto the existing models for this class

of fuels.
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Chapter 4

Enhanced combustion modeling method for diluted akfuel mixture:
Scaled premix burn rate model

In this chapter, a method to calculate the bura odttombustion in the quasi-
dimensional multi-zone DICI engine simulation iegented. The premixed combustion
model is newly formulated to calculate the burme m@tdiluted air and fuel mixtures
appropriately. The dilution effect to the combustis important for simulating a modern

DICI engine which employs high rate of EGR flow famission purposes.

4.1 Scaled premixed burn rate model

Among two phase of spray combustion, pre-mixed agstibn is more sensitive
to the fuel chemistry. During the ignition delayripe, the air-fuel mixtures in each zone
are calculated using spray penetration, breakungnétainment and droplet evaporation
models. Then the burn rate is mostly dominatechkbychemical reaction rate. Using a
single step global reaction rate in an Arrheniusagign form for premixed burn rate is an
adequate method for practical computation timeraadonable accuracy over wide

engine operating range. Nishida and Hiroyasu [49tbped a burn rate model for their
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multi-zone Diesel simulation using a single stepbgl reaction rate of n-dodecane

combustion. The rate of consumed fuel vapor madessribed as follow.

dm,, b

= _Apriixxgz X:‘E,v expg —— (41)
dt T)

whereA is a model constant in¥tkg-s), Prix IS density of mixturex, and X, are

mass fraction of oxygen and fuel vapor respectieglg 6, is activation temperature.

In this model, the activation temperature is deteett as 12000 K based on the
extended C-H-O chemical kinetic reaction mechari&3h The exponents of mass
fractions are determined to have a maximum comtustite at the stoichiometric
condition (whenx,, ,= 0.22,n=5 andm=1) of a mixture with pure oxygen and fuel.

However this calibration does not work properly wloxidizer is not pure

oxygen and diluted as in case of air. Equation)(daks not calculate a peak combustion

rate at the stoichiometric condition.

o
o)

o
o

o
~

Normalized burn rate

o
N

Equivalence ratiog
Figure 4.1 Normalized calculation result of Nishatarelation with different oxygen
mole fraction in the air.
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Figure 4.1 shows normalized burn rates of Nishmtaetation at different oxygen
mole fraction in the air. In the figure, the pedkie burn rate moves to the richer side as
the oxygen is diluted. The maximum burn rate ofdbeelation at diluted situation can
be achieved at stoichiometric condition with reftma@ted exponents of mass fractions.
However this calibration increases exponents ofjerymole fraction much highenr<16
andm=1 when 21 % of oxygen contains in the ambient) @gses sensitivity of oxygen
contents to burn rate becomes irrationally higtthla case slight dilution by EGR flow
can cause significantly low burn rate. Thus thenlbrate correlation should be
reformulated with the equivalence ratio so thatgbak of burn rate remains at the
stoichiometry without the effect of dilution. Thethge overall rate can be scaled
judiciously by the dilution effect maintaining tpeak of the burn rate at stoichiometry.

For the new correlation, the normalized burn ratih@ mixture of pure oxygen
and fuel shown in Eq. (4.1) is taken as a refereamckcurve fitted. An exponential
function given in the following equation is usedd@scribe the normalized burn rate.

f, = ag,” expl-caq,’) (4.2)
wherea, b, c andd is the calibration constangsg is the equivalence ratio of unburned air
and fuel mixture.

This function is made with an intimation from thelpability density function of
Weibull distribution [84]. Unlike with the Weibudistribution, the exponents and
coefficients are not mathematically tied togetfdre result of regression listed in Table
4.1 shows that the Eqg. (4.2) can represent thaibtmshape of normalized Nishida

correlation very well.
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Table 4.1 Coefficients and goodness of fit of regien

Coefficients

a 29.95
b 1.577
c 3.406
d 0.4847
Goodness of fit
R 0.9997
Sum of Squared Error 0.03289

The trend of burn rate with different dilution callated by Nishida model in Eq.
(4.1) at stoichiometric is taken as reference twmodel development. The oxygen and
fuel mass fraction terms in the equation can bernedilated to scale the Eq. (4.2) for

dilution effect. The mass fraction terms can beresged as follow.

M n M m
f2 = XSZ X?Sl,v = (yoz > j (yfu,v _fJ (43)
M M

At stoichiometric condition, the mole fractionskx. (4.3) of oxygen and fuel can be also

expressed as follows.

y _ nO2 _ r'102 _ (noz / nfu,v )yoz,au
0O, - -
na + nfu,v nO2 /yOZ,au + nfu,v r]OZ /nfu,v + yoz,au
_ a |:yoz,a.u
a yO au
’ (4.4)
_ nfu,v — nfu,v _ yoz,au
Yiv = = =
na + nfu,v nO2 /yOZ,au + nfu,v r]OZ /nfu,v + yOZ,au
_ yOZ,au
a+ yoz au

wheren is mole numberg is oxygen-fuel molar ratio at stoichiometric cdmh andyo,,

is oxygen mole fraction in the unburned air of eache.
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By substitute, Eq. (4.4) to Eqg. (4.3), the scafumgction becomes as follow.

anyn+n;u M n M m
f2 = - n+m > : (45)
(a + yOZ,au ) M o ST

avg

whereM is molar mass\layg is average molar mass of stoichiometric mixturgiatn
oxygen content of ambient air in the zone.

In EqQ. (4.5) the dilution effect and the fuel efface described with the oxygen
mole fraction in the zone and stoichiometric oxyd@ael molar ratio. This equation is
independent of equivalence ratio; therefore itlosamsed to scale Eq. (4.2). In addition,
temperature and pressure effects are capturedrsjtgéerm and exponential term with
activation temperature in (4.1). Therefore, thdestare-mixed bun rate model is

expressed as follows.

drnf,v a,nyg:’n;u Mgz M lfn
[ ] =B o @b 1577 exp(— 3406¢,, 04847) e nem X
dt PRE (CJ’ + yOz .au ) M avg ST
1200(K (49
,{_}pv
TZ

whereB, is calibration parameter in¥kg-s. The coefficiena of Eq.(4.2) is included in

the parameter.

The exponenta andm of the scaled pre-mixed bun rate model in Eq.)(dt6 taken as

the same as in the Nishida correlationg andm=1). This calibration will give the same

scaling effect as Nishida correlation except fer libcation of the maximum burn rate
After all the pre-mixed fuel and air, which is paeed during the ignition delay,

has been consumed, the rest of fuel in the sptginEuding fuel injected after ignition)

starts burning. In this combustion phase, fuel@ndeeds to be mixed prior to the

96



combustion and mixing process requires severar @itoeesses in addition to mixing
itself such as breakup, air entrainment and evaiporal he chemical reaction rate is
usually much faster than these processes. Thengfoines ‘mixing-controlled’
combustion phase, also known as diffusion combngifase, the mixing process
becomes a limiting factor of the overall combustiate. The heat release of pre-mixed
phase usually show high spike due to the rapid emtitn. For mixing-controlled
combustion phase, the heat release usually showk longer duration due to the slower
burning rate compared to the earlier phase.

The mixing controlled combustion model used in #iigly is developed by Jung
[3]. Usually, the burn rate of this phase is liditey fuel availability, but sometimes
when the gas temperature is low enough or the maxsuvery lean, so that kinetics slows
down exponentially, the combustion rate is limibgochemical kinetics. The following
equation describes the rate of combustion at migorgrolled combustion phase.

dm P, _
[ ] _ B m, 0 pus gy ~2500K .7

z

The available fuel and air mixture is calculatezhirthe spray formation air entrainment
and evaporation model developed in Chapter 2. minisure availability competes with
the burn rate given in Eq. (4.7). In the simulatittve numerical solution of the equation
is taken care to avoid unfeasible solution by til®Wwing steps. The available fuel is
compared with the burned fuel prescribed by the loate in Eq. (4.7). If the available
fuel is less that the prescribed burned fuel, tilg available fuel will be completely
burned with the rate. If the combustion is kindtichmited, the only prescribed burned

mass, which is less than the available fuel wilbbened with the rate.
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4.2 Characteristics of the scaled premixed burn ra model

Experimentally measured burning rate of fuel spnayigh spatial resolution is
extremely difficult to obtain. Typically the appatéheat release rate is calculated from
the engine cylinder pressure traces. This appaesattrelease rate is not suitable to
validate a burn rate correlation because the atmis a comprehensive simulation result
from all the other spray models combined. Therefargualitative assessment of the
developed pre-mixed burn rate model is presentesl he

For the evaluation, the burn rates of n-dodecaakaid diluted air with oxygen

mole fraction at 21 % to 13 % are calculated ams$gmted in Figure 4.2.

Normalized burn ra:

Equivalence ratiog
Figure 4.2 Normalized burn rate relative to 21%gety case with n-dodecane

The burn rates in the figure are normalized topbak of 21 % case. As seen in
the figure the maximum of burn rate is locatechatstoichiometry, while burn rates are
reduced as the air is diluted. The flammabilityitsrare implemented with the function

used for curve fit in Eq. (4.2). The function desdgst at higher equivalence ratio. In
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addition, the function has an infinite tail whictopides a numerical stability for the

simulation.
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Figure 4.3 Normalized molar reaction rate relahveeptane case with 21% oxygen mole
fraction

Figure 4.3 shows normalized molar reaction ratdifer different n-alkane fuels
from n-heptane to n-cetane. The ambient oxygen fnadtion is 21 % and the data is
normalized to the peak of n-heptane reaction fidte.figure shows that the molar
reaction rate of combustion of heavier fuel is oWl his behavior is comparable to
other one step global combustion model by WestbesakDryer [52]. In their work, one
step global reaction mechanism is developed foctimebustion of hydrocarbon fuels in

flames. The following correlation is used for thegaction rate model.

= A[OZ]“[F]meX[{_RI__:I_aj 4.8)

wherek is reaction rate in mol/&;, is activation energy in kcal/mol aiiis universal

gas constant: 1.987x1Rcal/(K-mol).
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Table 4.2 Single step reaction rate model parameter

Fuel M o A* E.* n* m*
CsHi2 72 8 6.40E+11 30 0.25 15
CsH14 86 9.5 5.70E+11 30 0.25 15
C/Hys 100 11 5.10E+11 30 0.25 15
CgH1g 114 12.5 4.60E+11 30 0.25 15
CoHzo 128 14 4.20E+11 30 0.25 1.5
CioH22 142 15.5 3.80E+11 30 0.25 15

* Parameters from Westbrook and Dryer [52].

The model parameters for multiple hydrocarbon faeésobtained by matching
laminar flame speed calculation using the reaati@chanism to the experimental data.
Table 4.2 shows selected parameters for n-alkahehvave the same activation energy
and exponent parameteandm. The paramete is found to be correlated with
stoichiometric oxygen-fuel molar ratie, The goodness of fie? is 0.9968.

A= 331x10% g 7 (4.9)
Using the parametek from EQ. (4.9), molar reaction rates for the naalk& fuels in
Figure 4.3 are obtained with Eg. (4.8). The calmdaeaction rates are then compared
with the result of the scaled pre-mixed burn ratelel. Figure 4.4 shows normalized
reaction rate calculated from Eq. (4.6) and E®)(dt stoichiometry with different fuels
in pure oxygen and fuel mixture. As seen in therigg the scaled pre-mixed burn rate
model matches remarkably well with the trend of step global reaction rate model

calibrated against different experimental setup.
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Figure 4.4 Normalized molar reaction rate of scalesinixed burn rate model and
Westbrook’s one-step global reaction rate at stombtric condition in pure oxygen for

n-heptaned =11), n-decanen(=15.5), n-dodecane £18.5), n-tetradecane €21.5)
and n-cetanen(=24.5),

4.3 Summary and conclusion

In this chapter a new scaled premixed burn rateaiisgresented. Typical
Arrhenius equation type premixed burn rate conatatioes not have its maximum at
stoichiometric with diluted air if it is calibrateslith pure oxygen. This can be potentially
a problem for EGR application. The proposed masleeisigned to calculate the rate of
burned fuel mass of a premixed combustion appriglyian diluted air with fuel
sensitivity. Predictions of proposed model matcthwmolar reaction rate of single step
global reaction model calibrated experimentallyddferent fuels.

The exponential functions used in the proposed hsld®vs slow reaction rate at

higher equivalence ratio. The reaction rate isiitdly small but not zero as equivalence
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approaches infinite. This characteristic of functworks as a flammability limit. In
addition the model is numerically more stable thdanction using a cutoff equivalence

ratio to set the rate zero at the flammability timi
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Chapter 5

Thermodynamic engine cycle simulation integrated vih fuel
sensitive quasi-dimensional multi-zone combustion odels

The engine cycle simulation integrated with quasiahsional multi-zone model
of a DICI engine is briefly explained in Figure 5The engine cycle simulation consists
of four main processes with corresponding sub nsodéich simulate four strokes of the
engine. The proposed models in the earlier chaptersmplemented in the multi-zone

combustion process for the power stroke of engyatec

120 20
= Pressure
Intake process:  \roe o bustion == Intake valve lift 18
100 - Energy and ) Exhaust valve lift
process: - 16
mass . Injection, Breakup, Air
conservation, . g
G h entrainment, Evapotation, Exhaust ) - 14
@80 - ©as exchange Ignition delay, Combustion, EX aus pr(;)cess. ’g
8 process, Encrey and mass nergy and mass - 12§
= Heat transfer, ion. H f conservation. N
£ 60 - Turbulence conservation, Hegt tianster, Gas exchange - 10E
560 : Turbulence. g =
@ _ process, 0
g - S\ . Heat transfer, -8 3
[a® 40 4 4 \\ Compression TblEres. >
) \ process : - 6
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/ \ . 4
20 ! conservation, i
4 \ Heat transfer, i
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Figure 5.1 Four stroke cycle simulation
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The platform for the cycle simulation is develofmwdJung [3] using
thermodynamic cycle simulation framework developgdssanis and Heywood [85].
Jung implemented quasi-dimensional multi-zone spiagel combustion model into the
framework. In this study, the sub models for thed@i combustion is replaced with

proposed fuel sensitive models.
5.1 Background of cycle simulation

The multi-zone thermodynamic Diesel combustion $ation is briefly

summarized in this section. Details can be founithéreference [3].

5.1.1 Gas exchange process

The gas exchange processes of the cycle simulateomodeled with one-
dimensional quasi-steady state compressible flosehd@he model calculates mass flow
rate through intake and exhaust valves with tabdlat estimated discharge coefficients

using following equation.

05

2y (r)iy
m=CdAi(}RTO)O'5 2 K] IR (5.1)
RT, y-1\R R

whereCy is discharge coefficiend is valve areaP, is stagnation pressure upstream of
restriction,Ps is static pressure at restrictigris specific heat ratio ariis gas constant.

If a chocked flow is detected, following equatisrused.

(5.2

yyl 05
P 05 2 "
n=C, A9 =
i ’ RTO(VRTO) (y_lj
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5.1.2 Heat transfer process

Heat transfer from the cylinder charge to the ddinwall, piston and cylinder

head is also calculated. For the heat transfenemiive heat transfe, from the

turbulence flow in the cylinder and the radiatieahtransferQ, from the flame and

burning soot particles are considered. Convecteat transfer is expressed as follow.

Q. = hA(Tg -T,) (5.3)

whereA is surface area arfdis convective heat transfer coefficient. The caive heat

transfer coefficient is calculated from a NussedtyRolds number correlation.
— d

Nu = aRe (5.4)

whereNu =hL/k andRe= pVL / u, aandd is experimentally determined constant.

To calculate characteristic length,macro scale turbulence is considered. For the
characteristic velocityy, effective velocity due to the contributions frone mean
kinetic energy and turbulent kinetic energy andgmsnotions is used. This is similar to
the variations of the heat transfer model by Wos[88].

Two radiative heat transfer models are implemeirtede cycle simulation and

they can be used selectively. The correlation afigkd [87] is expressed as follows

Q =k AT -T7) (5.5)
wherek, empirical radiation constant.

The other model is adopted from Assanis and Heyy@&dvhich calculates radiative

coefficient from apparent gray-body emissivifyand Boltzmann constaat

Q. =£,0A(T, -T) (5.6)
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5.1.3 Mass and energy conservation

In the power stroke, the multi-zone spray combustimdel calculates mass
conservation and energy conservation in each #igare 5.2 illustrates the heat and
mass fluxes between zones and cylinder walls.dretme the vapor fuel is considered as
an open system. In each system mass transfer fgoind droplet by evaporation, mass
transfer by air entrainment, heat transfer to tlopleéts by evaporation and heat transfer
to the cylinder walls are calculated. The air zootside of spray is also treated as open
system with mass transfer to the vapor fuel syst@masheat transfer to the cylinder walls

are calculated.

Air Zone

Spray Zone

Gaseous
Contents

|]|] [ ][ HeatTr. To CyL Wall
| e >

Figure 5.2 Heat and mass fluxes of a zone [3]

(][ HeatTr. To Cyl. wall

Air Entrainment

Cylinder
wall

The energy equation in the simulation follows tleediption in Heywood [88].
The air and combustion product mixture inside tylender is assumed to be ideal gas
and in thermodynamic equilibrium. The first lawtbérmodynamics in the open system

of the engine in quasi-static state is writtenc®v.
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E:Q_W+ijhj (5.7)

wherej is number of mass flow in and out of the syst@ris total heat transfer rate to

the system anwv is work transfer rate out of the system throughttbundary, where the

piston is displaced. The work transfer rate is étpRV . The change of energy in the

cylinder can be expressed as follows

d

E=—(mu)
‘;t ; (5.8)
=—(mh)-—(PV)
dt dt
Then, Eq. (5.7) can be rewrites as follows.
mh=> mh +Q+PV -rth (5.9)
i

The enthalpy oh and the density of the mixture and their rate of changes can be

expressed as temperature pressure and equivabdiae r

h=h(T,P,¢), p=p(T,P,¢) (5.10)
and

. (oh) . (oh) . [oh]| .

h=[—j T+[—J P+ —| ¢ (5.11)
T Jp, oP ), 00); -

. (@ . [a . [0 :

p=£—pJ T+(—pJ P+ L) ¢ (5.12)
0T Jp, \OPJ)r, 00), .

From the partial derivative of ideal gas law foliog equation can be obtained.

aelp P, P

or P T pr?

T (5.13)
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By substitutingy of Eq. (5.13) with Eq. (5.12R is expressed with?, T and g and

together with ideal gas law, the rate of changere$sure can be obtained.

P:L _!_la_pf_la_pwm (5.14)
0p/o0P\ V pdT pdg m

By expressing energy equation, Eq. (5.9) with BolX) and substitut® with Eq.(5.14),

the rate of change of temperature can be alsor@utai

T :E{_m[l_ﬂJ _V _9¢+i(2mj h +Qﬂ (5.15)
AL m B) V. B Bm\j

where
A:(@j L 9p/0T L(@j
0T Jp, 0p/0P| p \OP )7,
1 oh
B= 1- p(—] (5.16)
dp/0P oP )7,
09)., 9p/oP| p \0PJr,

By considering enthalpy flow and heat transferaxftespray zone and air zone, the rates

of change of temperature for those zones can loeleééd as follows.

. - oh . oh) .
domh +Q + \4—(} P—m(} @ -mh
s ] TP T.@ii

- ad P 1 s (5.17)

T
oh
m N
0T Je i
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zma,jha,j +Qa + Va _{ahJ p_ maha
.I'- - J 6(0 T,Pa

| )
m,| —
0T Jppa

More details of the modeling method related todyee simulation is well described in

(5.18)

Jung [3] Assanis and Heywood [85] and Heywood [88].

5.2 Implementation of fuel sensitive models

In this section, the implementation of proposed $emsitive model is presented.
Methodologies of calculating physical and thermaayit properties for multi-
component fuel are integrated. Calculating air faiedl contents in the cylinder and spray

zones are also defined for the proposed ignitidaydend combustion models.

5.2.1 Physical and thermodynamic properties

For the fuel sensitive combustion models, physacal thermodynamic properties
need to be calculated for the different types ef fucluding oxygenated fuels. In the
simulation, properties at different temperature pressure of both liquid and vapor are
required. Because estimating real fuel propertieside ranges of temperature and
pressure sometimes inadequate for the simulatienfuiel surrogates are used to achieve
flexible and fast calculation for various fuelst@tal of 10 different methods to calculate
physical properties of multi-component fuel surtegeare employed from multiple
references. Table 5.1 presents list of requiredigayproperties and calculation methods

briefly. The detailed equations are provided in &pgix A.
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Table 5.1 Physical property calculation methods

Properties Method Source

Group contribution method

Specific heat of liquid fuel (GCM) - Joback (1984) Poling [63]

Specific heat of fuel vapor GCM -Joback (1984) ifpl

Thermal conductivity of  Corresponding state principle olin

fuel vapor (CSP) Chung, et al. (1984, 19855 9

Dynamic viscosity of liquid . " API [89]

fuel Experiment fitting model Perry [90], DIPPR [91]

Dynamic viscosity of fuel - ~qp el and thodos 1961) AP

vapor

Density of liquid fuel CSP - Rackett (1970) Poling

Heat of evaporation CSP - Pitzer et al. Poling
CSP - Lee and Kesler (1975) .

Vapor pressure form Poling

Empirical correlation - Fuller, et
al. (1965, 1966, 1969)

Surface tension of fuel CSP - Sastri and Rao (1995) Poling

Diffusion coefficient Poling

The thermodynamic properties of air and combugti@auct mixture are
calculated using 14 species in a chemical equilibrprogram developed by Depcik [92].
The partial derivatives of enthalpy and densitaiofand combustion products are
calculated using the equilibrium program. The ind¢gd thermodynamic properties
calculation method is an alternative way of estingaair and combustion product of
variety of fuels including oxygenated fuels, to teehnique developed by Martin and

Heywood [93]. The details are provided in Appenix

5.2.2 Calculation of air and fuel contents

The oxygen mole fraction in the air zone is caltedébased on the fuel content
(the fuel in the form of combustion products) of thtake process. Due to the residual

gas of combustion and exhaust gas recirculatiorREGombustion products exist in the
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air inside the cylinder at intake valve closingitim The fuel mass fraction in the intake

air due to the EGR is calculated as follows.

F — mfresh I:fresh + mEGR Fexhaust

| = : (5.19)
rnntake

whereF is defined asn /Mgt , the mass flow rates), . e, My, @nd Mg indicate

intake air, fresh air and EGR flow respectivéiynaus is fuel fraction at the exhaust
which is defined as follow.
_ m
I:exhaust_ - (520)
mfresh + mf

where m, is fuel flow rate.

In most cases the fuel fraction in the freshBits, is zero. Therefore Eq. (5.19) is can be

expressed as follow.
I:i = XEGR Fexhaust (521)

wherexesziSmass fraction of EGR flow rate in the intake flow.
During the intake process, mass flow into and ddihe cylinder is calculated depends on
the valve event. The fuel mass fractignrFthe air zone can be calculated by integrating

the following equation.

F'a = Fa + (Fﬂow B I:a )rn/alve (522)
m

whereF, is current fuel fraction in the aif; o is fuel fraction in the intake or exhaust

flow, m,.. is the mass flow rate though intake or exhaustevahdm s current mass in

the cylinder.
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At the end of intake process, the oxygen mole ivaabf the air zoneyo, am

which corresponds to the fuel fractidf, is calculated from chemical equilibrium
subroutine. The subroutine takes equivalence eatian input parameter. Because the
fuel contents is used to calculate fuel fractiarluding the combustion product, the
effective equivalence ratio for the fuel and aixtare can be calculated from the

following equation using the stoichiometric air fugtio with fresh air.

_ F [(ma/mf )sr
1-F

9 (5.23)

where (m, /m, )_ is stoichiometric air fuel ratio.

After injection, burned fuel fraction in each zdeaised to calculate the
properties of combustion product using chemicalléium subroutine. The burned fuel
fraction for each zone is calculated from the fwilog equation.

Fama + mfb
T (5.24)
m

A

F

whereny, is burned fuel mass, the mamsand m, are air and total mass of the zone
respectively.

In the unburned air and fuel mixture of a zone,getymole fraction and effective
equivalence ratio need to be calculate for the bat® model. Using oxygen mole
fraction of the air zone, oxygen mole fraction aclke zone is calculated as follow.

— nOZ ,au

yoz,au -
nau + nab + nfb

yOZ,Amb(mau/Ma)
(mau +mab)/Ma +mfb/Mf

(5.25)
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where the subscriptsi andab indicate unburned and burned air in the zone cisady.
Ma andM; is molar mass for air and fuel respectively.

The effective equivalence ratio for the unburnegl fian be calculated as follows

No. /Ny,
%b ZM (5.26)
noz,au/nfu

5.3 Result of cycle simulation

In this section, the results of engine simulaticen@mpared with two different
engine experimental results for the validity andrelateristics of the proposed fuel
sensitive combustion models in thermodynamic cgotaulation

Salviet al. [94] performed alternative fueled Diesel enginpaxikment using the
experimental setup at the University of MichigaheTengine is 2004 International 6L V-
8 Diesel engine equipped with a single variablengetoy turbocharger. The engine
utilizes exhaust gas recirculation to reduce NOjssion. In addition the injection timing
is retarded after top dead center for NOx emissanirol. The brief engine specification
is listed in Table 5.2.

Among the test data, JP8, DF2 and synthetic jét(88) at low medium and high
load cases are used for validation in this studie st conditions are listed in Table 5.3.

The fuel properties used in the simulation arewated using fuel surrogates.
The composition and the blend ratio for the surtegjare listed in Table 5.4. The
surrogate for DF2 and JP8 are the same as thaiugdthpters 2 and 3. For S8 two
component surrogate is taken from literature [95f properties are calculated from

property subroutine using the fuel surrogates.
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Table 5.2 Engine specification of 2004 Internati@iaV-8 medium duty diesel engine

Engine specification

Bore (mm) 95
Stroke (mm) 105
Connecting Rod Length (mm) 176
Compression Ratio 18:01
Maximum Speed (rpm) 3300
Intake Valve Opening (CA deg ATDC) 322
Intake Valve Closing (CA deg ATDC) -108
Exhaust Valve Opening (CA deg ATDC) 104
Exhaust Valve Closing (CA deg ATDC) -312
Nozzle Diameter (mm) 0.179
Number nozzle per injector 6
Table 5.3 Test condition of medium duty Diesel eegi
Low load Medium load High load
Engine speed 750 1200 1800
(rpm)
BMEP (bar) 15 7 11
Fuel DF2 JPS8 S8 DF2 JP8 S8 DF2 JP8 S8
Injection timing
(deg ATDC) 3.70 406 432 374 427 4.67 385 437 4.72
'”Jec“&lg)”ra“on 24 89 156 23 90 163 23 92 166
njected fuelmass ,; , 116 118 344 343 336 509 516 505

(mg/cylinder)

Table 5.4 Fuel surrogate blend used in the sinarati

DF2 surrogate

JP8 surrogate

S8 surrogate

n-tetradecane n-dodecane n-dodecane
49.0 % 82.0 % 61.67 %
Blend ratio for surrogate n-decane n-tetradecane iso-octane
) 31.0 % 18.0 % 38.33 %
(mass basis)
1-methyl
naphthalene n/a n/a
20.0 %
(no2 /ny) at stoichiometry 17.49 18.98 15.63
Cetane number 51.4 46.2 58.1
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5.3.1 Calibration of the model

The integrated fuel sensitive combustion modeé&lgcated to the experimental
data at a single operating point with DF2 fuel tatch apparent heat release rate
calculated from pressure data using following theation from Heywood [88].

Wy pdV, 1P 57

dad y-1 d y-1 dt
Since the purpose of calculating apparent heaaseleate is not to precisely achieve
exact heat release and is to compare simulatiemgeriment, a simple specific heat ratio
correlation is used. The ratio used for both expent and model calculation is
calculated from the following correlation [3].
y=1338-6x10°T +1x10°T? (5.28)

First of all, the intake air mass at the intakeveatlosing timing was adjusted
manually by changing effective area of valve peftd match the cylinder pressure at that
timing. The valve cam profile and exact mass flaterthrough the valves are not
available for the experimental data; thereforecinee fit of generic cam profile and
discharge coefficient calculated using pressuremdihces between valves were used.

The breakup model shown in Eq. (2.12) has influsmgestly on air entrainment
because the breakup time determines spray pewetiater breakup. Ignition delay also

changes slightly by breakup time.

37268d

NQ
The shorter breakup time tend to have more aiagntrent and earlier start of

evaporation. Therefore duration of premixed buragghincreased with shorter breakup
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time .The model time constaBt depends on the injector characteristics and doeld
calibrated to match duration of the premixed burage. The value of 7.5 was chosen for
Bi.

The local ignition delay model shown in Eq. (3.13used for cycle simulation.
Only the constamd, was slightly adjusted to match the ignition delidyvas calibrated to

1.082x 10 CN*"#

rulmsl = AR "a [0, ] [F] ™ ex’{%} (3.13)

The rest of constants in the ignition delay equatice set as the same as the constants in
Eq. (3.16):n =-0.8,m=-0.2 and¥,= 4000.

The burn rate models shown in Eq. (4.6) and EQ@) @hanges the peak of each
phase of heat releases. These rates are calilboateatch each peak of two phase heat
release of experiment at 1200 rpm with DF2 fuel.

Burn rate model of premixed combustion:

dmf v 048 anygz,rgu M 82 M lfn
[ ] - Bp%b1577 exp(— 3.406§0ub 4 47)
PRE

dit (a+ Yo, u frm oM
o p(—1200c1< ]p,ivz
TZ

avg ST
Burn rate model of Mixing controlled combustion:

dm P -
[ j =B, m,, 2o exg 200K (@.7)

z

X

(4.6)

The coefficienB, andB, of the premixed and mixing controlled burn ratedels were

determined to 0.% 10" and 700 respectively.
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Figure 5.4 and Figure 5.3 shows the comparisorldbrated model prediction
and experimental data. Heat release rate in thanghcontrolled combustion phase right
after premixed combustion slightly overshoots. s the best match can be achieved
by calibrating model parameters. Otherwise the rhieeilt fits experimental data very
well. R? result of comparison is 0.95691.
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Figure 5.3 Comparison of apparent heat releasefat@ibrated model and experiment
at the engine speed of 1200 rpm BMEP of 7 bar ¢mmdwith DF2
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Figure 5.4 Comparison of cylinder pressure of catdd model and experiment at the
engine speed of 1200 rpm BMEP of 7 bar conditiotin \BiF2
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5.3.2 Validation of the fuel effect

To validate the model capability to capture thd &ffects on the combustion, the
apparent heat release rate was calculated and cedgathe experimental data. The
calibration of the model was kept constant. Fidufeto Figure 5.8 show the apparent
heat release rate and cylinder pressure compargaliz8 and S8 simulated at 1200 rpm
and 7 bar case. The apparent heat release of Jguire 5.5 shows higher premixed
burn rate than DF2 result in Figure 5.3. The predikeat release rate of S8 in Figure 5.7
is lowest among three fuels. The calculation meatehi¢gh experimental result well for
JP8 while S8 result shows slightly lower premixeatrelease rate. Between premixed
and mixing controlled combustion phases, thereti®aslight overshoot of heat release
rates. In S8 case this overshoot is little morepumced. This is because the premixed

burn rate is lower than other fuel cases.
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Figure 5.5 Comparison of apparent heat releasefat@ibrated model and experiment
at the engine speed of 1200 rpm BMEP of 7 bar ¢mmdwith JP8
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Figure 5.6 Comparison of cylinder pressure of catded model and experiment at the
engine speed of 1200 rpm BMEP of 7 bar conditiotn WiP8

S8, 1200RPM
400 ‘ ; ‘
| : ————— M odel prediction
300 L”J”J,,,, Experimental data |

200

100

Apparent Heat release rate(J/CA)
o

-109, 0 10 20 30 40

Crank Angle (deg ATDC)

Figure 5.7 Comparison of apparent heat releasefat@ibrated model and experiment
at the engine speed of 1200 rpm BMEP of 7 bar ¢mmdwith S8

119



S8, 1200RPM
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Figure 5.8 Comparison of cylinder pressure of catded model and experiment at the
engine speed of 1200 rpm BMEP of 7 bar conditioti \8i8

Figure 5.9 shows ignition delay of the three tasig at the same condition (1200
rpm and 7 bar). The start of combustion (ignitionjhe experimental data is defined as
the time of the apparent heat release rate crassesight before the premixed spike.
Ignition delay of DF2 was accurately calculatede Hifference is only -0.01 crank angle
degree compared to the experiment. For JP8 anth&8jfferences are +0.1 and -0.49
crank angle degree respectively. Compared to DER J&8 shows longer ignition delay,
and S8 shows shorter ignition delay. Although e88ris bigger than DF2, the overall
result of heat release rate shows that the proposei@| in the study is capable of
capturing ignition delay trend of different fueteiin the experiment. This trend matches
with the Cetane number variance of fuels as wéile flesult also indicates that the
differences of the heat release rate of premixasbestion shown in earlier figures

(Figure 5.3, Figure 5.5 and Figure 5.7 ) can bdagxed by typical effect of ignition
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delay; the shorter ignition delay tends to have [@®mixed heat release because the

prepared air and fuel mixtures are small.

& Model prediction ]

= Experimental data

Ignition delay (CA deg)
w

DF2 JP8 S8

Figure 5.9 Ignition delay of DF2, JP8 and S8 falthe engine speed of 1200 rpm
BMEP of 7 bar

Figure 5.10 to Figure 5.15 show the comparisorppieent heat release rate of
simulation and experimental data at different ofeggpoints (750 rpm 1.5 bar and 1800
rpm 11 bar). The simulation was performed withdhkbration parameters determined at
1200 rpm 7 bar for DF2 fuel. The premixed heatasderates in 750 rpm cases are
slightly higher than experimental result and the &t 1800 rpm cases are slightly lower
than experimental result. In addition, the heagasé rates of the mixing controlled
combustion phase at 1800 rpm show slight underngired. Based on the overshooting
trends shown in the 1200 rpm cases, the calibrabmstant for mixing controlled
combustion phase is probably not the optimal. imegal, the cycle simulation integrated
with proposed fuel sensitive models predicts adreihheat release rate for each fuel at

different engine speed and load. Almost all the helease is oriented from the premixed
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combustion at low engine load and the oppositedseame shown in high engine load

cases.
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Figure 5.10 Comparison of apparent heat releaseofatalibrated model and experiment
at the engine speed of 750 rom BMEP of 1.5 bar itilondvith DF2
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Figure 5.11 Comparison of apparent heat releaseofatalibrated model and experiment
at the engine speed of 750 rpm BMEP of 1.5 bar itiondvith JP8

122



o

100 W S |

S S8, 750RPM

=2 400 ‘ ; ‘

Q ! } ———- Model prediction
g 300 1 1 Experimental data|
U) |

8 4

© 200 N =
©

]

I

c

o

@©

o

o

<

-10Q ‘
-10 0 10 20 30 40
Crank Angle (deg ATDC)

Figure 5.12 Comparison of apparent heat releaseofatalibrated model and experiment
at the engine speed of 750 rom BMEP of 1.5 bar itiondvith S8
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Figure 5.13 Comparison of apparent heat releaseofatalibrated model and experiment
at the engine speed of 1800 rpm BMEP of 11 baritiondvith DF2
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Figure 5.14 Comparison of apparent heat releaseofatalibrated model and experiment
at the engine speed of 1800 rpm BMEP of 11 baritondvith JP8
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Figure 5.15 Comparison of apparent heat releaseofatalibrated model and experiment
at the engine speed of 1800 rpm BMEP of 11 baritiondvith S8
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Figure 5.16 Ignition delay of DF2, JP8 and S8 faglthe engine speed of 750 rpm

BMEP of 1.5 bar and 1800 rpm 11 bar

In Figure 5.16, the ignition delay from the simidatis compared with the

experimental data. Overall the ignition delay soalvell captured for different engine

speed and load cases. Table 5.5 shows ignitioly delaparison of all nine engine

operating points. The maximum error from the sirtiafais 0.1ms.

Table 5.5 Ignition delay comparison for all nineecgting points

Engine

Model

o Experiment Error
Fuel speed prediction (CA deg)
(rpm) (CA deg) 9 (CAdeg) (ms)
750 3.30 2.95 0.35 7.78E-02
DF2 1200 3.19 3.20 -0.01 -1.39E-03
1800 3.08 3.64 -0.56 -5.20E-02
750 4.01 3.56 0.45 1.00E-01
JP8 1200 3.98 3.88 0.10 1.39E-02
1800 3.45 3.75 -0.30 -2.78E-02
750 2.65 2.82 -0.17 -3.78E-02
S8 1200 2.33 2.82 -0.49 -6.86E-02
1800 2.43 2.77 -0.34 -3.19E-02
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5.3.3 Behawvior of fuel sensitive combustion model

To analyze the combustion calculation result eagjaition delay calculation is

bypassed. The start of combustion is given asdhesas experimental data.

Comparison with Nishida premixed burn rate model

The model constant of Nishida model in Eq. (4.10akbrated to match the
maximum premixed heat release rate at 1200 rpmdaB2A=1.1x 10 n=5m=1 and

6,=12000.

dm,,
dt

2 yn ym Hp
= _Apmixxoz Xfu,v exg -—— (41)
T

2
Figure 5.17 shows the result of simulation at 1806 case with Nishida
premixed and the proposed scaled premixed burmratiels. The rate of premixed burn
rate of Nishida model shows slightly slow risingerat the beginning of combustion.
This behavior can be also observed in equivaleaite trace of the zone. Figure 5.18
shows the equivalence ratio of unburned mixtut@etip of the spray (zone indeixK)
=(1,1)). It should be noticed that the apparent helaase rate is the result of all the heat
release in the spray zones all together. Thereéapaiyalence ratio of a single zone may
only represent overall trend in a qualitative manfenerally equivalence ratio of this
zone decreases as air entrains into the zone dilménignition delay period. After
ignition equivalence ratio increases little becaimgeburn rate is much faster than

evaporation and air entrainment rate.
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Figure 5.17 Comparison of Nishida premixed bur natelel and scaled premixed burn

rate model with experimental result
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Figure 5.18 History of equivalence ratio at thedipray [,K)
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Ignition delay effect in the combustion

Figure 5.19 shows apparent heat release rate asdulvith ignition timing
sweep. From the reference the start of combustioa for DF2 1200 rpm case is 7.4
crank angle degree ATDC. The start of combustigDnGptiming is changed by £ 1
degree. Figure 5.20 shows the heat release ratgely fuel effect. The SOC is fixed at
the reference timing, 7.4 crank angle degree ATD fuel effect is captured by spray
formation, air entrainment, evaporation and prewmizern rate models. The result shows
guite dramatic changes with ignition timing sweephe premixed heat release rate. The
order of variation is much higher than that by fefécts to the premixed burn rate model
shown in Figure 5.20. This comparison demonstii@sthe main driver of different fuel

effect to the overall combustion is the ignitionagye

DF2, 1200RPM

I
o
o

Reference SOC at 7.4CA deg

----------- SOC at 6.4CA deg
300f - i .
—————— SOC at 8.4CA deg

200
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o
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Figure 5.19 Effect of ignition delay.
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Figure 5.20 burn rate change by fuel effects

5.4 Summary and conclusion

In this chapter, fuel sensitive quasi-dimensiomahbustion sub models
developed in Chapters 2 to 4 are integrated irgotlbdynamic cycle simulation. The
proposed combustion model is able to capture tieetedf three different fuels in DICI
engine cycles. The predicted ignition delay of¢hmulation matches accurately with
engine experimental data for different fuels. Fiiti apparent heat release rate analysis,
slight overshoot and undershoot of the calculatigainst experimental data are observed.
The simulation is also tested without ignition getalculation. The ignition is specified
as an input to observe the combustion model behandependently. It is found that the

ignition delay effect on the combustion is much dwant than fuel sensitive premixed
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burn rate model. In the comparison, non-oxygenftels (DF2, JP8 and S8) are used
thus the proposed ignition delay model is abler&aljgt ignition delay accurately.

The integrated fuel sensitive thermodynamic simaiteis designed for large bore
engines. Therefore in case of wall wetting condii®not considered. This limitation

may require additional calibration procedures.
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Chapter 6

Summary, conclusions and recommendations

This chapter addresses summary of this dissertatamtlusions of the study and

suggestions for the future work.

6.1 Summary

In this study, the development of fuel sensitivagjtdimensional multi-zone
combustion model for a DICI engine is presentea ifiodels describing each processes
of spray combustion are carefully examined and fremior newly developed. The
proposed models are validated and compared witerarpntal results from literature.

Spray evolution process includes breakup, penetraéind air entrainment to the
spray. The WAVE breakup model is integrated toaeglthe traditional Levich breakup
model. The WAVE model successfully predicated vé#tyoand surface tension effect to
the spray penetration in the quasi-dimensionalirzohe platform. The zone to zone
interaction concept before the breakup is impleextitito the spray penetration model.
The concept calculates velocities of liquid fueh@s more realistically. The air

entrainment is modeled using momentum conservaiiathis study, the proposed spray
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model is validated by comparing experimental dedenfliteratures with calculated spray
penetration and spray angle (spray penetratioayspangle and air entrainment of spray
are tied together, thus angle is automaticallyrdeiteed from calculations of the other
two models).

Extension of single component droplet model to radtnponent evaporation
model is done in a simple manner. To avoid excessiaculation, ideal solution and
uniform mixture temperature are assumed. Raowtisi$ used to calculate the
composition of evaporating fuel droplet. The highgsure effect is also considered for
the density. Although the developed multi-compomeaatiel is relatively simple, it can
reproduce sizes of evaporating droplets from varexperiments well. The behaviors of
multi-component evaporation model in engine likeges of pressure and temperature
showed that sensitivity of evaporation to the puesss inversed at a certain temperature.

Fuel sensitive ignition delay models are develapealglobal and local
description. The global description utilizes averégmperature and pressure, oxygen
contents of the air and Cetane number as variablg® model. The local description
utilizes zonal information of quasi-dimensional tirabne spray structure. The local
zone temperature, concentration of fuel and oxygéehe zone are used as variables. In
addition, the stoichiometric oxygen/fuel molar oatind Cetane number of fuel are used
in the correlation as well. A simple relationshigglee model constant is found in a
function of Cetane number for four different tastls. For the oxygenated fuels with
same test setup, it is not possible to describ#agndelay with a simple function of
Cetane number. An additional effect related totémeperature need to be added for

potential improvement of the proposed model.
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The scaled burn rate model is developed for predhcaenbustion. The model is
based on the traditional Arrhenius type one-stap bate model but reformulated to
calculate the maximum burn rate at the stoichioynstren air is diluted. The
stoichiometric oxygen/fuel molar ratio is also usecda variable for the fuel sensitivity.

The developed spray combustion models are thegrated into the
thermodynamic engine cycle simulation. Apparent helaase rates calculated from
pressure from the simulation are used to validaerodels against experimental data.
From the heat release rate results ignition dedagobtained and validated as well. The

simulation predicts ignition delay of different faevery accurately.

6.2 Conclusions

The main conclusions from this dissertation areolsws.

1. The result of developed spray model reveals traviscosity and surface tension
effect to the spray formation and air entrainmergmall. Especially, for the fuels
relatively close to conventional DF2 fuel (JP8,dwsel), the effect is minimal for
spray formation and air entrainment. The viscaoaityg surface tension effects are
pronounced with the fuel have very low viscositg @arface tension (like DME).
In such case the viscosity and surface tensiortafieed to be considered for the
future research.

2. Multi-component evaporation model captures unigessure effect for
evaporation. The evaporation is usually suppressthigher pressure but the
inflection point exists so that in lower temperatlwgher pressure promotes

evaporation. The behavior indicates that in sormglitimns, such as early

133



injection or EGR, leading to lower temperaturess #ifect is more pronounced.
Thus proper evaporation model like the proposedi®nequired to simulate the
combustion more precisely.

3. By introducing temperature, air and fuel conteritthe spray zone, the ignition
delay is predicted more accurately. Even thougleld@ed model has a limitation
for predicting wide range of fuels including oxygéed ones, the local ignition
delay model have shown the potential of betteriptakility than global ignition
delay model or existing Arrhenius type ignitionagemodels.

4. The typical pre-mixed combustion model used in@lieembustion modeling is
not versatile enough with the diluted air. The remaled premixed burn rate
model properly captures burn rate in diluted aot garious fuels.

5. Although the new scaled premixed burn rate modgbgny calculates burn rate
in diluted air and various fuels, the effect ofitgmm delay to the overall result of

engine cycle simulation was much more dominant.

6.3 Suggested future works

Presented work covers modeling of the combustio®f€1 engine with alternative

fuels from injection of the fuel to end of the camshon. Yet, there is a potential

research to extend current work and followingssaiggested.

1. For the oxygenated fuel, the ignition delay behaliferently from typical
hydrocarbon fuels. It showed additional temperagéifect to the ignition delay.
The frequency factor of Arrhenius type model cdutdpotentially a function of

temperature to capture the effect.
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2. Emission analysis is one of the potential futurekgoThe Zel'Dovich’s NOx
mechanism is included in the quasi-dimensional m&@hbustion frame work.
With 14 species chemical equilibrium code usedhis work, NOx for
oxygenated fuel application can also be calculdtedddition to the NOx
emission, soot and other emission models can belagad for alternative fuel
application.

3. The multi-component evaporation model utilized Id#dution assumption and
Raoult’s law. It is possible to utilize an equatmirstate and fugacity for more
accurate vapor-liquid equilibrium.

4. Recent effort on optical diagnostic provide measwaet of spay environment
[96]. Even though the resolution is still not highough, it could be used to
provide some insights of the local equivalenceoratithe spray. Potentially, this

data could be used to improve fuel evaporationandntrainment models.
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Appendices

A. Physical properties of multi-component fuel surrogée
The method for estimating the physical propertiethe mixture of fuel using
pure components properties are explained. Critezaperature and critical

compressibility factors and acentric factors of tuig are obtained from Kay’s rule [63].
Tcm(K) = Z yiTci

Zcm = IZ yi Zci (Al)

wcm = z yi a)ci
The critical molar volume is also calculated by sayile.
ch (Cmg/mol) = Z ychi (AZ)

831447, Z,
P

ci

whereV, =

The critical pressure of the mixture is calculavgdollowing equation.

P, (oay) = % A3)

cm

1) Specific heat of liquid fuel
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Corresponding state principle (CSP) from Bondi @96 refitted by Poling et al.

[63]

Cp, (Vo) = CP°

R -T)® (A.4)
T T 1-T,

r r

whereCp°is ideal gas heat capacity of liquiR, is universal gas constant equals 8.3144
J/(molK). T; is reduced temperature which equal3/ft,,.
The ideal gas specific heat is calculated from @roantribution method (GCM)

developed by Joback (1984).

Co* (M o1) = (; N, (CpAk) - 37.93}

+| > N, (CpBK)- OZleT
k

(A.5)
+| > N, (CpCk) - 391x10™ sz

k

+| >N, (CpDk)+ 2.06x10‘7jT3
k

whereNy indicates number of groups and the following cantt are the corresponding
values for the group. The group values are takem the Poling.
For the mixture, molar averaged ideal gas heataiypa calculated and

substituted foCp° in Eq. (A.4).

Cp;n(%nm |:|K) = Z y;Cpi (A.6)
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2) Specific heat of fuel vapor
The fuel vapor is treated as ideal gas and groafriboition method in Eq. (A.5)
is used. Mixture property is obtained by molar agerof ideal gas heat capacity in Eq.

(A.6).

3) Thermal conductivity of fuel vapor
Single component thermal conductivity of fuel vaoobtained using CSP by
Chung (1984, 1988).

AM' _ 3759
nc, C,/R

(A.7)

where

A = Thermalconductivty, W/(m D()

M '= Molar masskg/mol

n'= Low pressurgasviscosity N &/m’?

C, = Heatcapacityat constant elume J/(mol (K )

R = Universalgasconstant8.3144J/(mol (K )
a 0215+ 0.28288r — 10615 + 0.2666Y

W=1+
0.6366+ BZ + 106103

a=C,/R-3/2

[ =0.7862- 0.7109w+ 1.3168°

Z =20+105T?

Thermal conductivity of mixture is calculated usim@ss fractions of components.

A = Z XA, (A.8)
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4) Dynamic viscosity of liquid fuel

Dynamic viscosity of liquid fuel is obtained frommerimental fitting equation.
The fitting data is taken from three different strg and corresponding fitting equations
are as follows.

(1) American petroleum institute technical datalbf89]

D, = 10000ex;{a + +clog(1.8T)+d (1.8T)6J

18T
D,,. = -0.0102+0.0404D , *** (A.9)

H P SI DVOE
Visc, (Pa-S)=D,, exr{ P ]/1000
10000

(2) Perry's chemical engineers' handbook [90] alRPR [91]
Visc, (Pa-9 = ex;Ea+$+c Io@T)+dTej (A.10)

Mixtures are calculated from mole fractions of caments using following

equation.

Visc,, (Pa-8) = (Z yiViscFimj (A.11)
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5) Dynamic viscosity of vapor fuel
Dynamic viscosity of vapor fuel is taken and caddet from following API

procedure.

T

c

094
Ann = 3.4><10'4[lj ------ T < 15T

T

c

0625
Ann = [ 1778x% 10‘4[ﬂJ - 1.67] ------ T > 15T

(A.12)
5.4404T, /1.8)"°

M °°(145038[PR,)*"

Visc, (Pa-s) =AM

EE

EE =

Mixtures are calculated from mole fractions of caments using following

equation.

Visc,, (Pa-S) = (Z yiViscGil’?’j (A.13)

6) Density of liquid fuel
Density of liquid fuel is calculated form CSP ofdRatt (1970). Saturated liquid
density at given temperature at low pressure isutated from molar volume of the

liquid is calculated from following equation.

A.14
oo [%9/ ) =100031 M (A14)
sats m
VS
where M is molar mass in g/mol.
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Density of fuel mixture is calculated using critiparoperties of mixture
calculated using Kay’s rule. The high pressurectfie the liquid density is applied for

the multi-component droplet evaporation in Chagtesing compressibility factor.

Z,=2>+w,Z} (2.35)
XV.SF)I\/I v,S
Pn=———— (2.36)
Z.RT.

where R is gas constant for liquid fuel in kJ/kp

7) Heat of evaporation

Heat of evaporation is calculated using Pitzer @8 Poling.

0354 0456
_| 706mT | 1- T _T
Novep (I/k) = 7.08RT{1 TJ +1o.95u{1 TJ {1000/ M) (A.15)

C C

Heat of evaporation of fuel mixture is calculatesihg critical properties of

mixture calculated using Kay's rule.

8) Saturated vapor pressure
Saturated vapor pressure is calculated using Pfzaameter CSP expansion

equation from Lee and Kesler (1975).

F, =5927146.09648T, -1.288620g(T, }016934T°
F=152518156875T,-134721log(T, }+0.43577°
explF, + o(10x10°P))

10x1¢°

(A.16)

P, (bar)=
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Saturated vapor pressure of mixture is calculags@th on Raoult’s law

Pom(ban=> y,Py (A.17)

9) Diffusion coefficient
Binary diffusion coefficient is calculated from emgal correlation by Fuller, et

al. (1965, 1966, 1969).

000143 7°
Do) = ' 7 (A.18)

PM (V) + (Zv)

WhereZV is atomic diffusion volumed/iag is average molar mass equals to

20{LM ,+10/ 2897)™. My is molar mass of fuel.
In this study diffusion coefficient for the fuel & is required thus for the fuel
with C, H, O, and N atoms(,H,OcNy) binary diffusion coefficient is as follows.

_ 0.00143r *'®
10x10“PM 22 [(15.9a +231b+ 611c+ 454d )" + 19.71’3J2

Do (M?) (A.19)

The diffusion coefficient of fuel vapor mixturegslculated from mole fraction of

components.

Daem = z YD, (A.20)
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10) Surface tension

Surface tension is calculated from CSP by SasttiRen (1995).

o(N/m)=10x10°KP T/T? 1T, (A.21)
1-T,
whereT,, if boiling temperature and@,, equals tol/Ty, The values of constants are from
Table A.1.

Table A.1 Values of Constants for Sastri-Rao Method

K X Y Z M
Alcohols 2.28 0.25 0.175 0 0.8
Acids 0.125 0.5 -1.5 1.85 11/9
All others 0.158 0.5 -1.5 1.85 11/9

The surface tension for ligdui mixtures are caltedausing mole fraction

Tn = 2 X0 (A.22)
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B. Thermodynamic properties of combustion product

1) Hot combustion gas equilibrium program

The thermodynamic properties of air and combugpi@auct mixture are
calculated using 14 species chemical equilibriuogmm developed by Depcik [92].
Depcik added two more species Nand HQ. To the Olikara and Borman program [97].
The code calculates properties of burned gas w#hpect to temperature, pressure and
equivalence ratio.

The global reaction for the fuel with C, H, O andiféms and oxidizer with £

N3, Ar, CO, and HO is as follows.

- O,+Qy N, +
V5| C,HL,O Ny + a+ 025 OSC[ 2 Mo 2 H af -
(B.1)

7 Qu Ar +QCOZC02 "'QHonzO
y,H+y,0+y;N+y,H, +y,OH +y,CO+y,NO+y,0, +
YoH,0+Yy,,CO, +y,;N, +y,Ar +y,;NO, +y,,HO,

To determine 15 unknown variables in equation aparesolved for four

variables using atomic balances constraints andil®gum equations. Total 15 equations

are used. The atomic balance equations are

C: Yot Yoo = Yisls

H: y, +2y,+tys +2y, tyy, = Yisly

O: Y, tys+Ysty, +2Yg ty, +2y,, +2y,5,+2y,, =2y, (B.2)
N:  y;+y; +2y; + Yy, =2y

Aoy, = Yisl

Also sum of total mole fraction should equal totyni

2V =1 (B.3)

Additionally 9 equilibrium equations are used.
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1

EHz‘:H Klzylp%/yi/z

1

Eoz < O K=Y, I:)yz/y;2

1

N = N Ky =y, P2/ Y

1 1

SH,+-0, « OH  Ky=v,/y} vy’

2 2

1 1 %

20,+=N, =« NO K, =y, /[y’ y (B.4)

2 2
1

H2+EO2 = H,0 Ko =Ys/Y, ya%l:)y2
1

CO-’-EO2 = CO, Kio = Y10/ Vs yé/zp%
1

NO+502 = NO, Kis = Y3/ Yy yéa%l:)y2
1

02 +E H2 = H02 K14 = y14/y8 yi/ZP}/Z

These 15 equations can be reduced to 4 equatioihk afe only function of 4

variables.

r
Y1 +2y2 tYs +ZYQ T Y __4(y6 + le):O
rs

r
Yot YstYe t Y, +2y8 Y +2y10+2y13+y14_2_(y6 +y10):O
r
r : (B.5)
Ys+Y, 2y, Yy, -2+
I

(Ve +¥10)=0

11

r
Zyi T Yzt Y +_2(y6 +y10)—1:0

1 r3

Then the Eq. (B.5) is solved by Newton-Raphsoraiten technique.
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2) Cold combustion gas property calculation

The properties of burned gas less than 600 K caraloelated from simple
equilibrium method. Depcik used 7 species equiirirom Heywood [88]. The reaction
is separately written in case of lean and rich doord

(1) Lean case

@C,H ,0,N; + (WO, + XN, + YAr + ZCO,) 00 -

(B.6)
v,CO, +v,H,0+V;N, +v,0, + Vv, Ar
(2) Rich case
@C,H ;,0,N; + (WO, + XN, + YAr + ZCO, ) (1 - B.7)

v,CO, +v,H,0+V,N, +v.CO+Vv,H,O0+V, Ar
Detail method for the solving equilibrium methodes presented in Depcik or
Heywood. Table B.1 summarizes the result of maetfon from the program.

Table B.1 Relevant Mole Fractions for Low TemperatGombustion

[ Species Leany(< 1) Rich ¢ > 1)

1 CcO gka +7Z gEa+Z -V,

2 H0 @B 12 2 - g(2a - y) + g

3 \ @b 12+ X @d 12+ X

4 O W(l-¢) 0

5 CO 0 Vg

6 H, 0 ¢E(26Hﬁ+yj—zw—v5
2

7 Ar Y Y

Note that 1 mole of Air and fuel are as follows: YWHOXN, + YAr + ZCO, and
C.HsO,N; respectively.
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3) Derivatives of thermodynamic properties

Formulation

Derivatives of enthalpy and density in terms ofsgrge, temperature and
equivalence ratio need to be calculated from tlo@gnties calculated with chemical

equilibrium code. Enthalpy of combustion producarge is calculated by polynomial
model with NIST-JANAF table.
2 T3 T4

a
—_—=a ta, —+a; +ta, +as +— (B.8)
RT 2 3 4 5 T

Mixture density is calculated by assuming the chagideal gas.

P
- (B.9)

Using Egs. (B.8) and (B.9) the derivatives of aifjtly and density are calculated as

follows.

oh d|s T TP T T 4
C,.=— =— | RT +a—+a,—+a,—+a.—+—>
i GTJM dT[ {ai BT T ° H

4 5 T
oh 1[woy, = oM
=2 == | Y 2h I

=), TR

— P 0P (8.10)
:a_hj :i{z%ﬁ —aﬂh}
Y 0p), M[Top g
M P oM
lop:—_+—__
RT RT oP
o=t P OM (B.11)
" RT? RTOT '
_PoM
Po= Ry 17
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Validation

The equilibrium code and derivatives calculatiodeare validated by comparing
the results using CEA (Chemical equilibrium wittpapation) program. CEA (Chemical
equilibrium with application) is a web applicatimm NASA which calculates chemical

equilibrium of various fuel and air. URbttp://cearun.grc.nasa.gowhe results are also

compared with traditional thermodynamic properticekation method developed by
Martin and Heywood [93]. This method is intendea&tculate traditional hydrocarbon
thus the program cannot calculate properties ofergted fuel. Test fuel used in this
validation is Dimethyl ether (150). Overall, thermodynamic property and its
derivatives calculated for Depcik equilibrium pragr works well with oxygenated fuel

and is suitable for the objective of current study.

(1) Mole fraction of burned fuel products

Figures B.1 to B.3 shows mole fractions comparfsom temperature sweep comparison
of Depcik and CEA program at the pressure of 5Cabdrequivalence ratio of 0.5. The
CEA utilize 156 species equilibrium for DME fuelh@ results are differ by only 0.05 %

t0 0.1 % .
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(2) Enthalpy of burned fuel products comparison

Figures B.4 to B.6 show the comparison result betw®@epcik, Martin and

Heywood and CEA calculations. Results of Depcikgpaon matches well with CEA, but

results of Martin and Heywood are biased from ath€&his is because the test fuel is
oxygenated fuel and the Martin and Heywood progsanot designed to calculate

burned product properties of such fuels.
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(3) Derivatives of enthalpy of burned fuel products
Figures B.7 to B.9 shows three derivatives of dpthealculated by three
different methods. Derivatives of CEA results amcalated numerically while others are

analytically calculated. Again, derivatives cald¢athusing Depcik program matches well

with CEA.
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C. The data used for ignition delay model

The data are obtained from Engine combustion

and Pickett and Siebers [82] for fuel set 2

1) Test fuel set 1: JP8, DF2, n-heptane, n-dodecane

nétdata base for fuel set 1

Ambient Fuel De_nsi_ty

Density (f)2 mole T (K) P (bar) | tign (ms) Tempe- | of liquid Cetane

(kg/m?) raction rature fuel3 number

(K) (kg/n)

14.8 0.21 962.7 40.88 0.98 373 746 38
14.8 0.21 1004.0 42.63 0.87 373 746 38
14.8 0.21 1099.2 46.67 0.64 373 746 38
14.8 0.21 1191.3 50.58 0.54 373 746 38

JP8 30 0.21 908.7 78.21 0.71 373 746 38
30 0.21 1011.9 87.09 0.41 373 746 38
7.27 0.21 1058.7 22.09 1.67 373 746 38
7.27 0.21 1110.3 23.17 1.41 373 746 38
7.27 0.21 1216.7 25.39 0.92 373 746 38

7.3 0.21 1200.0 24.80 0.55 373 767 46

7.3 0.21 1050.0 21.70 1.27 373 767 46
14.8 0.21 1200.0 50.60 0.33 373 767 46
14.8 0.21 1000.0 42.30 0.57 373 767 46

14.8 0.21 900.0 38.00 0.88 373 767 46

14.8 0.21 850.0 35.90 1.25 373 767 46

30 0.21 1000.0 86.40 0.31 373 767 46

30 0.21 900.0 77.70 0.51 373 767 46

DF2 7.3 0.15 1100.0 22.80 1.29 436 712 46
7.3 0.15 1200.0 25.00 0.79 436 712 46

14.8 0.15 900.0 38.20 1.15 436 712 46
14.8 0.15 1000.0 42.40 0.73 436 712 46
14.8 0.15 1100.0 46.80 0.48 436 712 46
14.8 0.15 1200.0 51.00 0.35 436 712 46

30 0.15 800.0 69.50 1.36 436 712 46

30 0.15 900.0 78.40 0.60 436 712 46
30 0.15 1200.0 104.60 0.20 436 712 46
14.8 0.08 1148.0 51.50 0.64 373 613 56
14.8 0.08 1058.0 47.20 0.99 373 613 56

14.8 0.08 967.0 42.90 1.52 373 613 56

30 0.08 962.0 87.90 0.76 373 613 56
n- 14.8 0.1 1237.0 55.60 0.54 373 613 56
heptane 14.8 0.1 1058.0 47.10 0.81 373 613 56
14.8 0.1 1013.0 44.90 0.95 373 613 56

14.8 0.1 967.0 42.80 1.13 373 613 56

14.8 0.1 922.0 40.60 1.56 373 613 56

14.8 0.1 875.0 38.50 1.74 373 613 56
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30 0.1 962.0 87.60 0.61 373 613 56
14.8 0.12 967.0 42.70 0.95 373 613 56
14.8 0.12 921.0 40.50 1.13 373 613 56
14.8 0.12 876.0 38.40 1.33 373 613 56
30 0.12 962.0 87.40 0.44 373 613 56
14.8 0.15 967.0 42.50 0.73 373 613 56
14.8 0.15 922.0 40.40 0.85 373 613 56
14.8 0.15 876.0 38.20 1.10 373 613 56
30 0.15 962.0 87.00 0.38 373 613 56
14.8 0.21 1237.0 54.80 0.26 373 613 56
14.8 0.21 1148.0 50.60 0.27 373 613 56
14.8 0.21 1058.0 46.40 0.38 373 613 56
14.8 0.21 967.0 42.10 0.53 373 613 56
14.8 0.21 921.0 40.00 0.61 373 613 56
14.8 0.21 876.0 37.90 0.79 373 613 56
14.8 0.21 830.0 35.80 1.03 373 613 56
14.8 0.21 783.0 33.70 1.65 373 613 56
22.8 0.15 756.2 52.50 0.85 343 713 80
22.8 0.15 799.3 56.10 0.50 343 713 80
n- 22.8 0.15 827.3 59.20 0.44 343 713 80
dodecan| 22.8 0.15 837.6 59.40 0.41 343 713 80
e 22.8 0.15 924.1 66.20 0.24 343 713 80
22.8 0.15 1006.9 73.00 0.15 343 713 80
22.8 0.15 1083.4 79.40 0.11 343 713 80
2) Test fuel set 2: T70, CN80, GE80 and BM88
The test data is tabulated from the literature .[82]
Ambient Fuel De_nsi_ty
Density ?2 mole T (K) P(bar) | tign (ms) Tempe- | of liquid Cetane
(kg/m?) raction rature fueI3 number
(K) (kg/m’)
14.8 0.21 798.20 33.90 241 373 808 42.%
14.8 0.21 848.46 36.04 1.50 373 808 42.%
14.8 0.21 900.22 38.24 0.90 373 808 42.%
14.8 0.21 951.77 40.43 0.67 373 808 42.%
14.8 0.21 1003.28 42.62 0.50 373 808 425
14.8 0.21 1099.61 46.71 0.28 373 808 42.%
14.8 0.21 1199.19 50.94 0.19 373 808 42.%
T70 14.8 0.21 1298.74 55.17 0.13 373 808 425
7.3 0.21 948.33 19.87 2.50 373 808 42.5
7.3 0.21 998.33 20.92 1.60 373 808 42.5
7.3 0.21 1050.00 22.00 1.13 373 808 42.%
7.3 0.21 1098.33 23.01 0.76 373 808 42.%
7.3 0.21 1195.00 25.04 0.45 373 808 42.%
30 0.21 800.00 68.88 1.21 373 808 425
30 0.21 848.33 73.04 0.59 373 808 42.5
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30 0.21 898.33 77.35 0.42 373 808 42.5
30 0.21 996.67 85.81 0.14 373 808 42.5
30 0.21 1098.33 94.57 0.08 373 808 425
30 0.21 1195.00 102.89 0.06 373 808 42.%
14.8 0.21 802.27 34.08 1.05 373 724 80
14.8 0.21 855.57 36.34 0.65 373 724 80
14.8 0.21 905.44 38.46 0.45 373 724 80
14.8 0.21 955.26 40.58 0.34 373 724 80
14.8 0.21 1006.73 42.76 0.25 373 724 80
14.8 0.21 1104.66 46.92 0.15 373 724 80
14.8 0.21 1204.21 51.15 0.10 373 724 80
14.8 0.21 1306.02 55.47 0.08 373 724 80
7.3 0.21 948.33 19.87 0.93 373 724 80
CN80 7.3 0.21 1001.67 20.99 0.76 373 724 80
7.3 0.21 1050.00 22.00 0.64 373 724 80
7.3 0.21 1098.33 23.01 0.53 373 724 80
7.3 0.21 1200.00 25.14 0.31 373 724 80
30 0.21 800.00 68.88 0.63 373 724 80
30 0.21 848.33 73.04 0.45 373 724 80
30 0.21 900.00 77.49 0.25 373 724 80
30 0.21 1000.00 86.10 0.10 373 724 80
30 0.21 1098.33 94.57 0.05 373 724 80
30 0.21 1195.00 102.89 0.05 373 724 80
7.3 0.21 950.00 19.90 2.75 373 858 80
7.3 0.21 1000.00 20.95 1.85 373 858 80
7.3 0.21 1050.00 22.00 1.22 373 858 80
7.3 0.21 1101.67 23.08 0.92 373 858 80
7.3 0.21 1196.67 25.07 0.41 373 858 80
14.8 0.21 798.95 33.94 1.05 373 858 80
14.8 0.21 848.81 36.05 0.87 373 858 80
14.8 0.21 903.63 38.38 0.73 373 858 80
14.8 0.21 951.79 40.43 0.61 373 858 80
GES80 14.8 0.21 1003.30 42.62 0.46 373 858 80
14.8 0.21 1101.27 46.78 0.28 373 858 80
14.8 0.21 1200.85 51.01 0.17 373 858 80
14.8 0.21 1302.09 55.31 0.07 373 858 80
30 0.21 800.00 68.88 0.41 373 858 80
30 0.21 846.67 72.90 0.33 373 858 80
30 0.21 901.67 77.63 0.23 373 858 80
30 0.21 1000.00 86.10 0.13 373 858 80
30 0.21 1098.33 94.57 0.05 373 858 80
30 0.21 1200.00 103.32 0.05 373 858 80
14.8 0.21 797.87 33.89 2.01 373 907 80
14.8 0.21 849.29 36.07 1.06 373 907 80
BMSS 14.8 0.21 900.71 38.26 0.67 373 907 80
14.8 0.21 948.82 40.30 0.40 373 907 80
14.8 0.21 1000.24 42.49 0.32 373 907 80
14.8 0.21 1099.76 46.71 0.19 373 907 80

157



14.8 0.21 1197.63 50.87 0.11 373 907 80
14.8 0.21 1300.47 55.24 0.07 373 907 80
7.3 0.21 950.00 19.90 1.08 373 907 80
7.3 0.21 998.33 20.92 0.74 373 907 80
7.3 0.21 1048.33 21.96 0.54 373 907 80
7.3 0.21 1096.67 22.98 0.46 373 907 80
7.3 0.21 1200.00 25.14 0.24 373 907 80
30 0.21 798.33 68.74 1.21 373 907 80
30 0.21 850.00 73.19 0.61 373 907 80
30 0.21 898.33 77.35 0.38 373 907 80
30 0.21 1000.00 86.10 0.14 373 907 80
30 0.21 1098.33 94.57 0.05 373 907 80
30 0.21 1200.00 103.32 0.05 373 907 80
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