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Nomenclature

a - fuel reaction order

A - model constant; area; air
ATDC - after top dead center

b - oxidizer reaction order

BDC - bottom dead center

C, - constant pressure specific heat
CAD - crank angle degrees
CTM - characteristic time model
CVB - constant volume bomb

d - diameter

D - angular momentum dissipation
DI - direct injection

E - activation energy

EGR - exhaust gas recirculation
EI - emissions index

EOC - end of combustion

EOI - end of injection

EVO - exhaust valve opening

F - fuel

hg, - enthalpy of vaporization

H - flame lift-off height

HC - hydrocarbon

v



HCCI - homogeneous charge compression ignition
HSDI - high speed direct injection

IMEP - indicated mean effective pressure
ISFC - indicated specific fuel consumption
IVC - intake valve closing

L - liquid fuel length

m - mass

n - moles; model constant

P - pressure; angular momentum production
PFI - port fuel injection

Qruv - fuel lower heating value

R - ideal gas constant; radius; flame lift-off height in model
RPM - revolutions per minute

st - laminar flame speed

S - spray plume penetration length

SOI - start of injection

SI - spark ignition

SOC - start of combustion

t - time

T - temperature

TDC - top dead center

u’ - global turbulence level

U - velocity



V - volume

x - distance between injector and premixed flame; mole fraction
O - Taylor scale

¢ - equivalence ratio

p - density

T - characteristic time

o - angular velocity

Q) - angular momentum

Subscripts

1 - zone 1

av - available

A - apparent

b - burned

c - chemical

ch - charge

cv - closed valve
cyl - cylinder

db - diffusion burn
e - eddy

en - entrained

f - fuel

fl - flame

id - ignition delay

vi



init - initial

inj - injection

mix - mixing

pb - premixed burn
res - residence

sd - standard air

sp - spray plume
sq - squish

sw - swirl

util - utilization

x - at location of premixed flame

¢ =1 - stoichiometric conditions

Other
[] - concentration

e - rate

Vil
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1.0 Introduction

The goal of this work has been to develop models for the prediction of direct injection
(DI) diesel engine performance and emissions of NOy and soot. To aid in accomplishing this
goal, a program review panel consisting of key personnel from the Army, academia, and industry
was formed at the inception of this program in order to ensure cooperation and enhance
collaboration between the various interested parties and users of technology to be developed
under this program. Some of the institutions that have funded engine tests, supplied data or
simulation tools, or provided technical information are Ford Motor Company, Caterpillar Inc.,
Cummins Inc., U. S. Army TACOM, and the University of Wisconsin-Madison. The support of
these institutions is greatly appreciated.

The focus of the program has shifted several times in order to examine topics of interest
to these many different intellectual sponsors. The topics examined include:

Flame Temperature Correlation of Emissions

Quasi-static Characteristic Time Model for NO, Emissions

NO Injection Tests and Analysis Using the NOy Characteristic Time Model
Multiple Injection Tests and Analysis Using the NOy Characteristic Time Model
Water/Steam Dilution Tests and Analysis Using the NOy Characteristic Time Model
Dynamic NOx Model

Homogeneous Charge Compression Ignition Engine Models

Cycle Simulation Code Development

Ignition Model Development

Combustion Model Development

NOx Model Development

Soot Model Development

A brief background, a statement of the problem studied, and a summary of the most important
results are given for each of the above topics in the following sections. Only the most important
technical details are provided in each section as publications regarding each topic are available
and have been submitted to the Army Research Office through the appropriate channels. The
exceptions are Sections 9.0 - 13.0 on the cycle simulation code and the submodels being
developed for this code. Results of these studies have yet to be published and therefore greater
detail is provided in these sections.

Note that many of the topics examined are related to NOx emissions. Current Army
propulsion systems are not restricted in the amount of NOy they may emit, but by analyzing the
mixing processes in the cylinder during NO formation and decomposition, information relevant
to the whole combustion process may be obtained. These models can then be used to gain
insight or to aid the design engineer in determining the best engine design to achieve good air
utilization (high power density). Also, as discussed in Easley and Mellor (2002a), the original
power density modeling concept centered on correlating power density to NOy emissions. If this
correlation could be developed, then by using the quasi-static NOy models (see Section 3.0), the
power density for a given engine condition could be evaluated. Difficulties in correlating power
density to NOy emissions for a wide range of operating conditions led to this model being
abandoned for a more direct approach, a cycle simulation type code (see Section 9.0).



2.0 Flame Temperature Correlation of Emissions

2.1 Background

Work by Plee, Ahmad, and coworkers in the 1980s (Ahmad and Plee, 1983; Ahmad et
al., 1982; Plee et al., 1981a; Plee et al., 1981b; Plee et al., 1982) showed that for changes in
intake air state, diesel NOy, soot, soluble organic fraction, and HC emissions could be correlated
using the stoichiometric flame temperature calculated at start of combustion (SOC) or peak
pressure conditions. Their model equation has the form

mﬂmz(; ! J 0

EIsd R Td):l T¢:1,sd

where EI and Ty~ are the emissions index and stoichiometric flame temperature for engine
operation with various intake air compositions and Elgg and T¢- ¢ are the emissions index and
stoichiometric flame temperature for engine operation with standard air. The stoichiometric
flame temperature was calculated at either start of combustion or peak pressure conditions. E is
the activation energy and R the ideal gas constant. Using results of engine tests in which the
intake charge composition was altered either by diluent addition or oxygen enrichment (alters the
flame temperatures) and graphing the left-hand side of Eq. (1) versus the term in parentheses on
the right, a straight line results with the slope being the activation temperature (E/R).

Plee, Ahmad, and coworkers were successful in obtaining what at that time appeared to
be a global activation temperature of ~35,000 K for NOy emissions. This activation temperature
was thought to be global because it correlated NOy emissions for all four of the engines tested by
the investigators. Engine dependent activation temperatures were also obtained for particulate,
soluble organic fraction (or volatiles), soot, and HC.

2.2 Statement of the Problem Studied

The present work focused on obtaining correlations similar to those of Plee, Ahmad, and
coworkers (Ahmad and Plee, 1983; Ahmad et al., 1982; Plee et al., 1981a; Plee et al., 1981b;
Plee et al., 1982) for emissions of NOy, particulate, and HC for three test engines; a 1.2 L high
speed DI (HSDI) diesel, a 2.4 L HSDI diesel, and a 2.34 L single-cylinder DI diesel engine, the
first of which was tested using four alternative fuels. The 1.2 L and 2.4 L engine tests were
conducted at Ford Motor Company and Caterpillar Inc., respectively. In these tests exhaust gas
recirculation (EGR) was used to change the intake air state and thus the stoichiometric flame
temperature. The 2.34 L engine tests were conducted at the University of Wisconsin - Madison
and used water fumigation (Foster, 1997). The primary objective was to determine if the same
NOy activation temperature obtained by Plee, Ahmad, and coworkers applies to modern DI
diesels. Second, the authors wanted to conclude if engine dependent correlations of particulate
and HC were feasible for modern DI diesels. Another objective was to resolve if these
correlations could be applied to alternative diesel fuels as well.

2.3 Summary of the Most Important Results

The results show that diluent addition effects on NOy emissions for each engine can be
correlated using the SOC or peak pressure stoichiometric flame temperature, either of which
gives the same activation temperature result. However, each engine examined had a somewhat
different activation temperature. The activation temperature for the engine tested with



alternative fuels was found to correlate NO, emissions for all the fuels tested. Further, the
activation temperatures determined in the present study were found to be significantly higher
than that of Plee, Ahmad, and coworkers (Ahmad and Plee, 1983; Ahmad et al., 1982; Plee et al.,
1981a; Plee et al., 1981b; Plee et al., 1982). The differences in activation temperatures for each
engine were concluded to be due to the effects of diluent addition on the combustion process,
which were not captured through the use of a single theoretical temperature.

Particulate and HC emissions were also correlated using the SOC and peak pressure
stoichiometric flame temperatures. However, for these emissions activation temperature was
found to depend upon the choice of characteristic temperature (SOC or peak pressure
stoichiometric flame temperature in this study). Further, activation temperature was also found
to be a function of operating condition. The separate correlations for each operating condition
are thought to arise due to the use of only a characteristic temperature to account for the
oxidation of the particulate and HC. As diluents are added the formation is affected as well. The
alternative fuel results show that at each operating condition a reasonable correlation exists for
the HC emissions from the alternative fuels, but that the particulate emissions from the different
fuels tests exhibit different temperature dependencies, a result most likely occurring from the
different aromatic contents of the fuels.

Correlations of this type are valuable for many reasons. Though this model is quite
simple, it provides information about the emissions forming processes in the engine. Most
importantly, these correlations provide the test engineer with insight that can aid in designing
engine tests as well as reduce the number of tests that are needed. For example, to determine the
effects of EGR on NOy, HC, and particulate emissions for a given operating condition (speed,
load, injection pressure, etc.), only this operating condition without EGR and this same operating
condition with some arbitrary amount of EGR addition need be tested. From these data an
activation temperature for each emission can be determined and the emissions for this operating
condition with other EGR rates calculated. Further details on this work may be found in Easley
et al. (2001b).

3.0 Quasi-static Characteristic Time Model for NO, Emissions

3.1 Background

The global NO reaction activation temperature found by Plee et al. (1981b) of ~35000 K
(see Section 2.1) is much lower than that for NO formation through the extended Zeldovich
mechanism (Lavoie et al., 1970) kinetics (~69000 K). Plee et al. (1981b) conclude that the
reason for the lower activation temperature is that NO decomposition is also important. Based
on this finding, Mellor et al. (1998a), funded by ARO grant #DAAH04-94-G-0236, proposed a
two-zone quasi-static characteristic time model (CTM) that accounts for both NO formation and
decomposition explicitly. NO forms in the first zone, which is characterized by the
stoichiometric flame temperature calculated at SOC conditions, and may decompose in the
second zone, which is characterized by the end of combustion (EOC) bulk temperature computed
from a fuel/air limited-pressure cycle analysis. A schematic of this model is shown in Fig. 1. In
the two-zone model the global reaction used by Plee et al. (1981b) is replaced by a skeletal
mechanism that includes both extended Zeldovich (Lavoie et al., 1970) and nitrous oxide (Malte
and Pratt, 1974) kinetics (Mellor et al., 1998a). A detailed model description is provided by
Mellor et al. (1998a) and Mellor et al. (1998b).
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Figure 1: Schematic of the two-zone model for NO formation and decomposition in a DI diesel
combustion chamber (Mellor et al., 1998a).



3.2 Statement of the Problem Studied

The primary goals of the work conducted on this model under this grant were to develop
the fluid mechanic aspects of the model and validate the model with engine data. To achieve
these goals, 2.2 L HSDI diesel engine tests were conducted at Ford Motor Company and the data
used for model development and validation. The data consist of exhaust gas recirculation
variations from zero to maximum level possible for parametric variations of engine speed,
injection pressure, and load.

3.3 Summary of the Most Important Results

The NOy CTM was validated using the data from the 2.2 L. HSDI diesel engine. An
expression for the characteristic mixing time, which accounts for the fluid mechanic mixing
effects on NOy emissions, was developed that is a function of the charge Reynolds number,
liquid phase fuel Weber number, injection velocity, and engine geometry. The characteristic
mixing time was then used in the NOy CTM to correlate NOy emissions for conditions in which
NO decomposition is negligible. A method of evaluating at which conditions NO decomposition
is negligible, originally proposed by Mellor et al. (1998a), was also validated. Further details on
this work may be found in Duffy and Mellor (1998) and Dufty (1998).

4.0 NO Injection Tests and Analysis Using the NO, Characteristic Time Model

4.1 Background

The works of Mellor et al. (1998a) and Duffy and Mellor (1998) conducted under this
and a previous ARO contract indicated that NO decomposition occurs in diesel engines and
becomes more important as load is increased. The results of engine modeling (Blumberg and
Kummer, 1971; Plee et al., 1981b), cylinder dumping experiments (Voiculescu and Borman,
1978), and NO injection tests (Aiman, 1973; Plee et al., 1981b) reported in the literature also
support the finding that NO decomposition is important in piston engines (for an in-depth
discussion of these works see Easley and Mellor (1999)). Despite these indications that NO
decomposition is important in the DI diesel engine, a careful systematic study had not been
conducted prior to this work to quantify the importance of NO decomposition in DI diesels or
fully understand the process by which it decomposes.

4.2 Statement of the Problem Studied

Two goals of this work were to determine a method of evaluating the importance of NO
decomposition in DI diesel engines and to determine how changes in operating conditions, such
as engine load and speed, affect NO decomposition. These goals were accomplished through
NO injection experiments conducted at Caterpillar Inc. on a 2.4 L HSDI diesel engine. The tests
are described in more detail below. Further, the NOy CTM of Section 3.0 was modified for use
with these tests. Use of the model in combination with the NO injection data allowed several
important aspects of the model to be evaluated. Further, the model allowed the amount of NO
decomposition at each operating condition to be quantified.

4.3 Summary of the Most Important Results
NO decomposition in DI diesel engines was explored using data from a 2.4 L HSDI
diesel engine in which pure NO was added to the intake air in various amounts and the resulting



exhaust concentrations of NO and NOx measured. Data of this type were taken for a load sweep
and a speed sweep. NO injection results obtained by Aiman (1973) on a SI engine and Plee et al.
(1981b) on an indirect injection (IDI) diesel were also examined. A common conclusion is that
the importance of NO decomposition increases with equivalence ratio for all three types of
engines, but the amount of decomposition depends on the burn phasing and cycle design, as
expected.

Engine-out NO and NOy were found to be linear functions of engine-in NO for all data,
indicating that the mechanism responsible for NO decomposition is first order with NO. The
reverse Zeldovich mechanism (first order with NO) is therefore the dominant mechanism for NO
decomposition. Analysis of the 2.4 L HSDI diesel engine data revealed that engine-out NO,
increases non-linearly with engine-in NO, but the origins of this result are uncertain. The NO,
may have formed in the engine cylinder or in the exhaust stack, probe, or analyzer line before the
exhaust concentrations were measured. Because of the relatively small concentration of NO,,
the engine-out NOy emissions could also be approximated to increase linearly with NO injection.

The NOy CTM described in Section 3.0 was modified for use with these tests. Recall that
the NO chemistry in this model includes the extended Zeldovich mechanism (Lavoie et al., 1970)
and important reactions from the nitrous oxide mechanism (Malte and Pratt, 1974). Results of
the analysis reveal that both the extended Zeldovich and nitrous oxide mechanisms are important
for NO formation with Zeldovich faster at normal diesel operating conditions and nitrous oxide
becoming more important as diesel flame temperatures are lowered by diluent addition (EGR or
water). Only the reverse Zeldovich chemistry is found to be important for NO decomposition.

Further, in the NOx CTM NO forms in zone 1 and may decompose in zone 2. The form
of the model equations allows the residence time in each zone to be evaluated using the results of
the NO injection tests. The residence time results indicate that the bulk EOC temperature as
model temperature for zone 2 cannot simulate the actual situation. Rather, NO decomposition
must occur in a zone defined by an equivalence ratio closer to one.

The amounts of NO formed and decomposed can also be calculated using the model
equations. At 2000 RPM NO decomposition is found to increase from 6% at the lightest load
tested (~ 15% full load) to 37% at the highest load (95% full load). NO decomposition is also
found to exhibit a tradeoff with engine speed. The peak percentage of decomposition for the
speed sweep (conducted for a BMEP of 800 kPa) is approximately 32% and occurs at 1500
RPM, the lowest speed tested. However, these estimates depend on the present model
assumptions.

Additional information on the NO injection tests and other tests examining NO
decomposition reported in the literature can be found in Easley and Mellor (1999) and Easley
(2000). Discussion of the analysis of the NO injection data using the NOx CTM is provided in
Easley et al. (2000) and Easley (2000).

5.0 Multiple Injection Tests and Analysis Using the NO, Characteristic Time Model

5.1 Background

A CTM for NOy emissions was derived by Mellor et al. (1998a), validated by Duffy and
Mellor (1998), and subsequently modified by Easley et al. (2001) as discussed in Sections 3.0
and 4.0. However, this CTM was developed for use with single injections and SOC at top dead
center (TDC) only. Start of combustion timing is typically optimized to achieve the best



emissions and fuel economy possible and thus does not always occur at TDC. Further, modern
DI diesel engines often use multiple injections to control emissions of NOy and soot while
maintaining good fuel economy.

5.2 Statement of the Problem Studied

The CTM for NOy emissions was modified in order to model the effects of SOC timing
and multiple injections. NOy emissions data from a 1.2 L HSDI diesel engine tested at Ford
Motor Company using multiple injections and EGR for emissions control were then analyzed
with the model in order to determine how SOC timing and multiple injections affect NOy
emissions and to validate the model for the prediction of NOy emissions under these conditions.

5.3 Summary of the Most Important Results

The analysis of multiple injections using the NOyx CTM provided insight into how the
injection scheme affects engine-out NOy emissions. Good agreement between model predictions
and experimental data confirmed the model postulate that retarded injection timing and EGR
lower the stoichiometric flame temperature, and thus depress the chemical rates of NO
formation. The characteristic fluid mechanic time for NO formation can be shortened relative to
a conventional single injection by utilizing a lower initial injection rate in a double injection,
which results in lower injection velocity and decreases NOy emissions from DI diesel engines.
The model also shows that emissions of NOy are linearly proportional to fuel quantity for each
injection pulse per injection event.

The effect of EGR on NOy emissions with post injection was also confirmed by this
model. At different EGR rates, multiple injections have different effects on NOy emissions.
Multiple injections at lower EGR rates provide enhanced NOy emissions reduction. However,
EGR plays a more significant role in NOy reduction than do any of the multiple injection
schemes examined. The model demonstrates that this result is explained by the exponential
Arrhenius temperature dependence of the chemistry.

The analyses in this research work have extended the NOy characteristic time model to
multiple injections for DI diesel engines. However, this work has limitations. First, due to the
limited information available for the injector utilized, the cumulative heat release curve for a
given engine test must be used to deduce the fraction of fuel burned in each injection pulse.
Second, the normalization of the data as used here provides insight only into the relative effects
of different parameters, and the single injection emissions are needed as baseline data. If NOy
predictions for single injections are available from other simulation tools, then the relative NOx
reduction of multiple injections can be calculated by using the CTM modeling method
introduced in this research. Additional details on this research are provided in Yang et al. (2002)
and Yang (2002).

6.0 Water/Steam Dilution Tests and Analysis Using the NO, Characteristic Time Model

6.1 Background

Introduction of an inert diluent into the cylinder of a diesel engine is one method that is
often used to reduce NOy emissions. The most common diluents used are exhaust gases and
steam/water. These diluents act to decrease the oxygen concentration in the charge and increase
the specific heat of the charge, both of which decrease the flame temperatures in the engine



thereby decreasing NO formation. For the case of liquid water injection into the cylinder the
flame temperatures are further reduced due to the heat of vaporization of the water.

6.2 Statement of the Problem Studied

The NOyx CTM discussed in previous sections is extended to the cases of water or steam
dilution. Data are available for direct water injection and steam dilution. Kohketsu et al. (1996)
directly inject water into the cylinders of an 11.2 L Mitsubishi DI diesel engine using a specially
designed injection system. Foster (1997) conducted steam fumigation (supplied to intake
manifold) studies on a 2.34 L single-cylinder research DI diesel engine. The comparison of the
NOyx CTM to measured NOy emissions provides insight into the role of inert diluents in reducing
NOy emissions from DI diesel engines. Specifically, the CTM is used to compare the
effectiveness of different water distribution techniques.

6.3 Summary of the Most Important Results

Analysis of the Kohketsu et al. (1996) data reveals that the NOy reduction potential
associated with direct water injection is over 90% for the non-practical situation in which all of
the water enters stoichiometric eddies (NO formation zone). As indicated by the measured NOy
data, however, the actual reduction through this technique is slightly less than 90 % at the highest
water-to-fuel mass ratio tested. In fact the comparison between the data and the model indicates
that the fraction of water entering stoichiometric eddies increases as the water-to-fuel mass ratio
is increased.

A similar analysis of NOy reduction through intake manifold fumigation shows that steam
is in this case uniformly distributed in the cylinder at SOC, as expected. Qualitatively, this
aspect of the study demonstrates that a reduction in NO formation is effected by retarding the
fuel injection timing and increasing the engine load at a given engine speed. The former
observed means of NO reduction is a fluid mechanic effect, while the source of reduction
through the latter remains uncertain given the current unavailability of injection rate profile
information for these data.

Methodologies for both qualitatively and quantitatively assessing the importance of NO
decomposition in engines at different operating conditions are also established. The work
performed here extends to the reduction of NOy using other types of diluents. Using similar
methodology, EGR results have been analyzed by Duffy and Mellor (1998). Further details on
this work are provided in Mello and Mellor (1999) and Mello (1998).

7.0 Dynamic NO, Model

7.1 Background

In Sections 3.0 - 6.0 development, validation, and use of the quasi-static NOx CTM have
been discussed. In that model the NO formation in zone 1 is characterized by a single theoretical
temperature, the stoichiometric flame temperature at start of combustion conditions. The NO
decomposition process is also characterized by a single theoretical temperature, the bulk EOC
temperature calculated using the limited pressure cycle. By using a single theoretical
temperature for each process the engine-out emissions may be written as an algebraic equation.
Because of its simple form, this model is a valuable tool for gaining insight into the NO
formation and decomposition processes and has been shown to correlate NOy emissions over



limited ranges of engine operating conditions (Duffy and Mellor, 1998; Yang and Mellor, 2002).
However, in simplifying the problem many of the secondary details of the combustion and
emissions formation processes are lost.

7.2 Statement of the Problem Studied

In an effort to conduct a more detailed analysis, the skeletal mechanism for NOy
chemistry proposed by Mellor et al. (1998a) is incorporated in an engine simulation code. The
two-zone model, also proposed by Mellor et al. (1998a), is modified for use in the simulation
code. Based on the results a one-zone model is also explored, but does not correlate the
available engine data as well as the two-zone model. The simulation code is zero-dimensional,
with bulk and stoichiometric flame temperatures and fuel-burning rate calculated at each crank
angle degree from cylinder pressure time histories. The model is compared with data from four
heavy-duty DI diesel engines.

7.3 Summary of the Most Important Results

Following the work of Mellor et al. (1998a), the two-zone model is postulated to consist
of a zone where NO formation occurs and a separate zone where the decomposition of NO
proceeds. For the formation zone, the stoichiometric flame temperature and corresponding
species concentrations are used, while the bulk cylinder temperatures and concentrations
represent NO decomposition. Results indicate that both the Zeldovich and N, O mechanism
contribute to the total NO formed; furthermore, as the peak flame temperatures are reduced,
through the use of EGR or retarded SOC timing, the relative importance of the N,O mechanism
increases, eventually becoming the dominant pathway for NO formation. Use of the bulk
temperature to characterize zone 2 indicates NO decomposition is negligible.

Predicted engine-out NOEI values were compared to measurements for four heavy-duty
DI diesels. A single correlating equation was found between the predicted and measured values
for all engines, suggesting that the two-zone model appears to mimic NO kinetics for diesels.
The observed overprediction of NOEI may arise from improper modeling of the stoichiometric
volume of the diesel spray plume, overprediction of the stoichiometric flame temperature, or not
considering equilibration of reaction (R5) (O + N + M <> N,O + M) in the two-zone model.
Another possible cause may be including the NO kinetics associated with the N,O mechanism,
but a correlation restricted to the Zeldovich mechanism exhibits worsened statistics.

A one-zone flame model characterized by stoichiometric combustion was also evaluated,
but a major difficulty arises: defining the amount of NO available for decomposition. Unlike
the two-zone model, where it is assumed that all NO formed immediately enters the
decomposition zone, in the one-zone application some NO may exit the zone without
participating in decomposition. Various possibilities of the definition for the NO available for
decomposition were examined. It was found that none provides correlations as good as those for
the two-zone model. Due to the absence of mixing in a zero-dimensional simulation, it is
recommended that the two-zone model, including both the Zeldovich and N,O mechanisms, be
applied for engineering purposes. Details of the model and analysis may be found in Psota and
Mellor (2001) and Psota (2001).



8.0 Homogeneous Charge Compression Ignition Models

8.1 Background

The use of autoignition to initiate the combustion process in homogeneous charge
engines has been known by many names in the past, but is now most commonly called
homogeneous charge compression ignition or HCCI. The use of HCCI as a distinct, controlled
engine operating mode was suggested over twenty years ago by Onishi et al. (1979) and Noguchi
et al. (1979) for use in two-stroke gasoline engines. Initial studies using HCCI in four-stroke
engines were conducted by Najt and Foster (1983). These authors concluded that the HCCI
combustion process is controlled solely by chemical kinetics (mixing is insignificant to the
combustion process) and that the heat release rate, though it shows little cycle-to-cycle
variability, exhibits large changes depending on the operating conditions.

Engines operated in HCCI mode have the potential to provide better fuel economy and
emissions than conventional SI engines. Emissions of soot (smoke) are very low because no rich
regions where soot can form exist in the cylinder. Emissions of NOy are also very low when
HCCI is used at moderate to low speeds and loads (low equivalence ratios) because of low
combustion temperatures. Unfortunately, CO and HC emissions are relatively high by today’s
standards. Further, HCCI operation is limited to moderate to low speeds and loads by
combustion noise.

With HCCI operation, ignition is controlled solely by in-cylinder conditions. Perhaps the
most studied method of achieving HCCI is the use of port fuel injection (PFI) to obtain a nearly
homogeneous cylinder charge. Ignition timing may then be regulated by controlling the charge
temperature and pressure using intake air conditioning, EGR, variable valve timing, variable
compression ratio, or other methods. A similar method of achieving an almost homogeneous
cylinder charge is the direct injection of fuel during intake or early in the compression stroke.
Start of combustion can then be controlled in the same manner as when PFI is used.

8.2 Statement of the Problem Studied

The most attractive means of increasing the power density of present DI diesel engines is
by increasing the fuel-to-charge ratio (Easley and Mellor, 2002a; BRC, 1995). The fuel-to-
charge ratio in DI diesels is limited by soot or smoke emissions. Since no fuel rich regions exist
in the cylinders of HCCI engines, smoke emissions are very low. Therefore, the potential exists
for HCCI engines to operate at higher fuel-to-charge ratios than DI diesel engines. However,
there are other factors that must be considered such as compression ratio, engine noise,
durability, peak cylinder pressure constraints, whether the engine can perform in the harsh
environments required by the U. S. Army, etc.

The present work focuses on the development of thermodynamic models coupled with
detailed chemical kinetics for use in research and development of HCCI engines. These models
are applicable to both PFI and early direct injection modes of operation and are based on
experimental findings presented in the literature.

8.3 Summary of the Most Important Results

Single and multi-zone models for use in modeling the compression and expansion strokes
of an HCCI engine were formulated. Either of these models could be incorporated into or used
with a cycle simulation code to provide a complete model of the four-stroke cycle for HCCI
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engine operation. In this work the models were used to simulate HCCI combustion in a
representative passenger car/light truck type engine with a compression ratio of 15:1.

The single-zone model, representative of the adiabatic core region of the cylinder charge,
was used to calculate the in-cylinder BDC temperatures needed in order to achieve SOC at TDC
for a variety of operating conditions and fuels (iso-octane, n-heptane, methane, simulated
gasoline - 13% n-heptane/87% iso-octane). The in-cylinder temperatures just prior to SOC were
also reported. These results indicate that the control system for the HCCI engine need not vary
the intake temperatures tremendously. The exact temperature range that the system will have to
provide will be dependent on the load and speed range over which HCCI is used, the
compression ratio of the engine, and the fuel used. Results were obtained for changes in load,
speed, and fuel at a fixed compression ratio of 15:1.

NOEI was also computed for the same operating conditions and fuels using the single-
zone model. NO was found to form in a very short period of time during the combustion process
with almost zero NO decomposition observed following the formation period. Conversion of
NO to NO, was found to be negligible for equivalence ratios greater than or equal to 0.2. For an
engine speed of 2500 RPM and no intake boosting, the engine simulated was found to meet
TIER II NOy emissions standards for equivalence ratios of 0.3 and less. However, these results
are for operation with pure air. Exhaust gas recirculation and SOC timing retard were not
considered, but are expected to significantly reduce NOy emissions and combustion noise, thus
allowing engine operation at even higher equivalence ratios. NOEI simulation results from the
single-zone model are also expected to be somewhat high due to the temperature homogeneity
and adiabatic cylinder charge assumptions in the single-zone model.

The multi-zone model was formulated to include the effects of the boundary layer and
crevice volume as well as to incorporate the effects of temperature and fuel-air mixture
stratification. The multi-zone model is therefore much more suitable for predicting realistic
cylinder pressure histories and emissions of NOy, CO, and HC.

Detailed multi-zone modeling was conducted for methane as fuel due to the long
simulation times required for higher hydrocarbons. For the simulations conducted as part of this
work the fuel was assumed to be distributed evenly throughout the cylinder. The results clearly
show the physical processes occurring during the compression, combustion, and expansion
periods. NOy was found to form in the core regions where the temperatures were high. HC
emissions resulted from unburned fuel in the crevice and boundary layer regions and fuel that
left these regions late during the expansion stroke that did not get oxidized. The most interesting
finding was that most of the CO emissions were formed from unburned fuel-air mixture flowing
from the boundary layer and crevice zones into the higher temperature parts of the cylinder
during the expansion stroke where they were partially oxidized to form CO.

The model was also used in a parametric study to examine the effects of some important
operating parameters on performance and emissions. The results of these studies shed light on
how certain operating parameters can affect emissions and performance. Further details on this
work may be found in Easley et al. (2001a).
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9.0 Cycle Simulation Code Development

9.1 Background

The original plan for modeling NOy emissions was through the use of the quasi-static
NOx CTM. However, after thorough analysis of this model its limitations became apparent as
discussed in Section 7.1. This led to the formulation of the dynamic NOx model. The dynamic
NOx model requires the burn rate as a function of crank position as an input. This information
can be derived from experimentally acquired cylinder pressure data or predicted using a model.
Of course, for the dynamic NOyx model to be predictive a simulation code is required for
predicting the burn rate.

The original concept for modeling power density was centered on correlating power
density to NOy emissions, which would be predicted using the quasi-static NOy CTM. As
discussed in Section 1.0, there were several problems associated with this concept. Therefore, a
more direct approach to modeling power density is required.

9.2 Statement of the Problem Studied

The primary goal of this work is the development of a simulation model/code for the
prediction of DI diesel performance (power density, fuel consumption, torque, etc.) and
emissions of NOy and soot. The model predicts the in-cylinder conditions as a function of crank
position from intake valve closing (IVC) to exhaust valve opening (EVO). The performance
characteristics and engine-out emissions are then derived from these computations. The model
can be used to study methods of increasing power density and decreasing fuel consumption and
emissions of NOy and soot.

A 0.75 L single-cylinder research DI diesel engine equipped with a state-of-the-art piezo-
electric common rail injection system was tested at Ford Motor Company to provide data for
development and validation of the model. Eight control parameters are required to set an
operating condition with this engine. They are: engine speed, intake charge temperature, intake
charge pressure, exhaust pressure, EGR rate, injection pressure, injection quantity, and injection
timing. A parametric study of these eight control parameters, consisting of 135 data, was
conducted for one engine configuration. Several data are also available for two other engine
configurations (different injector nozzle and piston design).

9.3 Summary of the Most Important Results

The ignition, combustion, NOy, and soot models are the primary submodels in the overall
simulation. Details on ignition, combustion, and NOy models are provided in the following
sections along with the most important results obtained for each. A soot model was also derived,
but is still in the preliminary stages of development and so is not discussed here.

A flow diagram that contains all of the major functions that the simulation code must
conduct is shown in Fig. 2. The simulation starts by calculating the in-cylinder conditions,
meaning the thermodynamic state and the initial mixing rate needed for the combustion model
(see Section 11.0). The initial conditions, such as pressure, temperature, composition of the
charge, etc. at IVC are input by the user. After each time step the in-cylinder conditions are
output to a file.

As the simulation continues to loop, calculating the in-cylinder conditions throughout the
compression stroke, it checks for start of injection (SOI), which is input by the user. When the
simulation detects SOI it begins to calculate the spray characteristics using the model of Naber
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Figure 2: Flow chart of simulation process. The models that are discussed in the following
sections have the section number included.
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and Siebers (1996). The spray characteristics are needed for the ignition, combustion, NOy, and
soot model computations.

Upon SOI the ignition model is called at each time step to check for SOC. When the
ignition model indicates that SOC has occurred the simulation initiates the combustion and
emissions models. The combustion and emissions models continue to predict the burn rate and
concentrations of NOy and soot until the burn rate becomes negligible at which time the
simulation ends the combustion and emissions formation events and continues to calculate the
in-cylinder conditions throughout the expansion stroke. When EVO is reached the cumulative
cycle outputs are calculated (IMEP, ISFC, engine-out NOy, engine-out Soot, etc.) and printed to
an output file.

The model is coded in C++ with the exception of the equilibrium solver STANJAN
(Reynolds, 1995), which is used in the NOx model (see Section 13.0). STANJAN (Reynolds,
1995) remains coded in FORTRAN 77 and is called from the main C++ program using functions
available from Arnholm (1997), which allow FORTRAN 77 subroutines to be called from C++
by making the necessary conversions of data storage format for variables that are passed between
the languages. C++ has been chosen because of its superior programming structure, easier
handling of input and output, and its increasing popularity in engineering applications.

The ignition, combustion, and NOy submodels are discussed in the following sections.

10.0 Ignition Model Development

10.1 Background

Wolfer (1938) was the first to study the ignition of diesel fuel sprays. He was able to
correlate the ignition delay of a diesel fuel spray in a constant volume bomb (CVB) for different
pressure and temperature conditions using an expression of the form,

n E
T4 = APy CXP[R,F j (2)

ch

where A, n, and E, are model constants and P, and Ty, are the vessel charge pressure and
temperature during the ignition delay period.

In an engine the charge temperature and pressure change during the ignition delay due to
piston motion (changing cylinder volume). One of two methods is typically used to apply Eq.
(2) to diesel engines. First, the average temperature during the ignition delay period can be used

as originally done by Bauer (1939). Second, the expression
SOI+T,
id 1

j —dt=1 (3)
SO1 T
can be employed, where 1 is given by Eq. (2) for the temperature and pressure at time t,
(Heywood, 1988).

Since Wolfer's work, many researchers have used Eq. (2) or (3) to correlate the ignition
delay of fuel sprays. The ignition delay pressure and temperature dependencies, n and Ea/R,
have values from 1.02 to 2.5 and from 1468 to 7813 K, respectively, for the studies examined.
The wide range of values for these constants can be attributed to three factors:

1) The definitions or methods of determining SOI and SOC are different (Plee and Ahmad,
1983).
2) The fuels used are different.
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3) The injector or method of fuel-air preparation (mixing) is different (Plee and Ahmad,
1983).

Of the three factors responsible for the wide range of model constant values, the effect of
the fuel-charge mixing process is likely the greatest. Equation (2) has the form of an inverse
reaction rate constant and thus only takes into account the chemical kinetic aspects of the
ignition process. Since the effects of mixing are not included explicitly in the model equation, its
effects are lumped into the chemical kinetic term and thus the constants determined for each test
configuration account not only for the kinetic aspects of the fuel, but also the fuel-charge mixing
processes. It is for this reason that the activation energy in Eq. (2) is referred to as an apparent
activation energy (E,).

The charge temperature and pressure are expected to affect the fuel-charge mixing
process through their effects on charge density, which is the primary factor controlling spray-
charge interaction (Naber and Siebers, 1996). However, the effects of pressure and temperature
on the mixing process are accounted for, at least to some degree, by the pressure and temperature
factors in Eq. (2). The model does not account for changes in mixing caused by such things as
changing the injection system, injection pressure, or charge motion. For these types of changes
the model must be recalibrated with experimental data.

Comparison of the activation temperatures reported in the literature for DI diesel fuel
sprays (1468 - 7813 K) and those reported in the literature for various premixed hydrocarbon
fuel-oxidizer systems (15851 - 29237 K) outside the negative temperature coefficient range of
pressure and temperature reveals that the DI diesel fuel spray activation temperatures are much
lower than those for premixed hydrocarbon fuel-oxidizer systems. Plee and Ahmad (1983) and
Heywood (1988) conclude that lower values of the activation temperature in DI diesel fuel spray
ignition models imply that mixing processes are important relative to chemical effects.

The results presented in this section reveal the main weakness of the Wolfer (1938)
ignition model: the only way to determine the model constants is by calibration for each test
configuration and/or fuel. Even when using the same fuel in two different engines, the model
constants will be different due to the differences in the fuel-charge mixing process. Therefore,
there is a need for a model that, while computationally simple, includes the effects of the mixing
process explicitly. Formulation of such a model is the focus of this work.

10.2 Statement of the Problem Studied

The objective of this work is to develop and validate an ignition model for DI diesel
sprays that incorporates explicitly the effects of mixing. Diesel spray ignition delay data from
constant volume bomb (CVB) and DI diesel engine experiments are available for model
development and validation. The CVB data have been supplied by Siebers (2002) from the work
of Higgins et al. (2000). The DI diesel engine experiments were conducted using a 0.75 L
single-cylinder DI diesel engine at Ford Motor Company as discussed in Section 9.0. Sample
0.75 L engine ignition delay results are presented by Easley and Mellor (2002b).

The ignition model is not only applicable to DI diesel sprays, but to any strained flow
field. In order to validate the model for simple laminar flow fields and study the chemistry of
diesel fuel and other higher hydrocarbon fuels, the results of counterflow (Seshadri, 2002) and
liquid pool (Payer, 2002) tests, both having strained laminar flow fields, are being examined
using the model. Application of the model to these tests allows the activation temperature (E/R)
for the hydrocarbon fuels tested, one of which is diesel fuel, to be calculated.
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10.3 Model Description

A potentially ignitable eddy is examined in order to determine the ignition timing. At the
time of injection the eddy is composed entirely of liquid fuel at the fuel injection temperature.
As the eddy penetrates into the cylinder it entrains charge and the fuel evaporates. The fuel eddy
will continue to entrain charge, thereby increasing its temperature and oxygen concentration,
until it eventually reaches conditions favorable for ignition.

Theoretically, the first eddy to be injected will be the first to ignite as it has the longest
time to evaporate and mix with charge. This theoretical result is supported by images of diesel
spray ignition in DI diesel engines (Dec, 1997) and in high-pressure vessels at conditions typical
of DI diesels (Higgins et al., 2000; Edwards et al., 1992; Sato et al., 1986). Further, these
experiments show that by the time of ignition all of the fuel in the ignition region has vaporized.
Therefore the heat required for vaporization must be included in the model, but the evaporation
process or rate is not of importance since it is known that the eddy will contain only vapor fuel at
the time of ignition.

A first law of thermodynamics analysis of the eddy described above is conducted by
Easley and Mellor (2002b). The analysis results in three equations,

dT,  A[fuel]' [oxid]’ exp(~E/RT,)Qy

dt peCp .
’ 4)
_CP,eTe _CP,cthh _ Te dCP,e _ ReTe chh + ReTe chh
TonixCoe ¢. dad C Vv, d C VT, dt
nc,t = nc,init + I nC dt (5)
SOI Tmix
t
h
Tet:Teinit+ jﬂdt_i (6)
’ ’ SOI dt Cpc

which can be solved numerically along with the species conservation equations to determine the
eddy rate of temperature rise and temperature and the number of moles in the eddy. The
subscripts e and ch indicate eddy and bulk charge conditions, respectively. The remainder of the
variable definitions is supplied in the nomenclature. The first term on the right hand side of Eq.
(4) accounts for the effect of reaction on the eddy rate of temperature change. Note that a one-
step reaction of fuel with oxidizer has been assumed. The second term on the right hand side
accounts for the eddy temperature change as charge is entrained. The remaining three terms
account for work done on the eddy as the cylinder volume changes. Ignition is said to occur
when the kinetic term in Eq. (4) (first term on right hand side) becomes large.

10.4 Summary of the Most Important Results

The counterflow and liquid pool data were examined first in order to validate the model
for a simple laminar flow field in which the mixing process is well characterized and to
determine an appropriate activation temperature for diesel fuel. Mellor et al. (2003) use time-
independent thermal ignition theory applied to these experiments and thus define an ignition
criterion in terms of a ratio of the characteristic mixing to kinetic times. The mixing time is
assumed equal to the inverse of the strain rate. Mellor et al. (2003) show that an activation
temperature for ignition can be obtained (if a one-step global reaction is assumed) via suitable
analysis of the counterflow and liquid pool ignition temperature data. Application of the ignition
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model to ethane and ethene counterflow ignition data and diesel fuel liquid pool data led to
correlated values of activation temperature in the range 18900 to 24300 K (23242 K for diesel
fuel). The activation temperatures for ethane and ethene were found to be comparable to those
presented in the literature for premixed or well-mixed fuel-oxidizer systems in similar ranges of
temperature (1050 - 1350 K), pressure (1 atm), and equivalence ratio (1), confirming the validity
of the approach used. No comparison of this type is possible for diesel fuel (temperatures
between 1130 and 1230 K and pressure of 1 atm in this case).

Analysis of the diesel engine temperature and pressure operating range (26 to 92 bar and
893 to 1139 K) shows that it operates at conditions where there is expected to be a fundamental
change in the chemistry that leads to a change in global activation temperature. Results
presented in the literature for pure hydrocarbons such as n-decane, n-heptane, and o-
methylnaphthalene (Ciezki and Adomeit, 1993; Pfahl et al., 1996) that are components of or are
have characteristics similar to diesel fuel show that the activation temperature in the diesel
operating range changes with pressure and temperature and can approach zero and in some cases
become negative. Recall from Section 10.1 that Plee and Ahmad (1983) and Heywood (1988)
conclude that the low activation temperatures found using the Wolfer (1938) model are due to
mixing not being explicitly included in the model. However, the fact that diesel engines operate
in a region where the activation temperature is not constant may also be responsible for these low
activation temperatures.

Development of an appropriate mixing time for diesel sprays is the focus of the present
work. Mixing time expressions under consideration are expressed in terms of the nozzle
diameter and spray characteristics such as injection velocity, plume penetration, etc. The CVB
and DI diesel ignition tests are being used for this work.

11.0 Combustion Model Development

11.1 Background

A phenomenological combustion model for use with quiescent chamber DI diesel engines
was developed by Dr. Peter Schihl of the U. S. Army Tank and Automotive Command
(TACOM) (Schihl et al., 1996; Schihl et al., 1999; Schihl, 1998). The model was subsequently
modified to include the effects of swirl on the combustion event (Schihl et al., 2002). The
combustion model is included in a thermodynamic cycle simulation code that allows the burn
rate and cylinder pressure during the closed valve portion of the cycle to be predicted. From
these predictions the engine's performance and power density may be evaluated.

Development of the phenomenological combustion model began prior to 1996. Since
that time the works of Dec (1997), Flynn et al. (1999), and Higgins et al. (2000) have provided a
conceptual model of the DI diesel combustion process that differs from that previously accepted
in the diesel community. The Schihl combustion model is based upon the old understanding of
the DI diesel combustion process.

A full description of the injection, ignition, combustion, and emissions processes is not
included here for the sake of brevity. However, a brief review of these processes is warranted
prior to the model derivation. Figure 3 contains a schematic of a fully developed combusting
fuel plume based on the work of Dec (1997) and Flynn et al. (1999). In Fig. 3 the fuel is injected
and begins to mix with the hot cylinder charge and vaporize. The vaporized fuel and charge
eventually reach a standing premixed flame. The premixed flame reactants have an average
equivalence ratio of ~4 and a temperature of ~825 K. The hot products of the rich premixed
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Figure 3: Schematic of a fully developed combusting fuel plume based on work of Dec (1997) and Flynn et al. (1999). Typical values
of important lengths and temperatures achieved during diesel combustion have been included.

18



flame have a temperature of around 1600 K. The high temperature and unburned fuel in these
products lead to soot formation. The rich premixed flame products continue to penetrate into the
combustion chamber and entrain charge from outside the plume. At some region around the
periphery of the plume exists a thin layer where the fuel and charge are at an equivalence ratio
close to one. NO forms and soot oxidizes in this region where temperatures are in the range
2100 - 3000 K.

11.2 Statement of the Problem Studied

The Schihl thermodynamic cycle simulation code that includes the phenomenological
combustion model was provided for use in this program (Schihl, 2001). The code is written in
Fortran 77 and because of its long development history was not coded extremely efficiently.
Therefore, in order to make the code more efficient and readable and because the other numerical
models used at Vanderbilt are coded in C++, the first objective is to reprogram the model in
C++.

Another objective of this work is to modify the combustion model to make it better
conform to the conceptual model of DI diesel combustion provided by Dec (1997), Flynn et al.
(1999), and Higgins et al. (2000). A secondary objective of this portion of the work is to remove
some of the empirical constants found in the code by basing the model more closely on the
physical and chemical processes.

Schihl and coworkers (Schihl et al., 1996; Schihl et al., 1999; Schihl, 1998; Schihl et al.,
2002) validated the model using data from three engines. However, none of the data from these
engines contained parametric variations in the engine control parameters. Therefore, another
objective of this work is to use the parametric study done using the 0.75 L single-cylinder engine
to carefully study the effects of these operating parameters on the combustion process and to
ensure that the model accounts for them properly. Further, Schihl and coworkers did not have
data for changes in piston bowl geometry for a given engine. The limited data with bowl
geometry changes acquired using the 0.75 L single-cylinder engine are to be used to study the
effect of piston bowl geometry.

11.3 Model Description
A large-scale mixing model is at the heart of the combustion model. Schihl (1998)
envisions a large eddy of radius R, and angular momentum Q. located in the bowl of the piston
as shown in Fig. 4. Eddy angular momentum is produced (P) due to fuel injection, squish charge
flow, and swirl charge flow as shown by
dQ, d N L. :

TR (0.5m,0R2)=P, +P +P, -D, (7)
The eddy momentum is also dissipated (D) by wall friction and decay into turbulence. The
production terms are modeled using characteristic velocities for each flow and characteristic
length scales. Given the eddy angular momentum at IVC (determined from an analysis of the
intake flow), Eq. (7) can be solved for the angular velocity (®), which is the global mixing rate
or the inverse of the characteristic time for mixing, throughout the compression and expansion
strokes.

" As noted, Schihl (1998) did not include the effects of swirl in Eq. (7). Schihl (2001) included the swirl term in Eq.
(7) to model combustion in engines with swirl.
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Figure 4: Schematic of a bowl-in-piston combustion chamber showing squish flow and the large-
scale eddy envisioned by Schihl (1998).
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Upon SOI the spray plume dispersion angle and spray plume penetration are calculated
by the code using the model of Naber and Siebers (1996). Following the assumptions made in
the Naber and Siebers (1996) model, the spray plume is assumed to have a conical shape as
shown in Fig. 5a. In reality the plume will be deformed due to the shearing stresses exerted
along the periphery of the plume and will assume the mushroom shape typical of gas phase jets,
shown in Fig. 3. Ignition is assumed to occur at the tip of the spray plume following Schihl
(1998) (assumption also used in ignition model of Section 10.3). This assumption is supported
by the experimental works of Dec (1997) and Higgins et al. (2000).

Following Schihl (1998) the fuel burn rate (mass of fuel consumed per unit time) may be
separated into the premixed burn (pb) rate and the diffusion burn (db) rate as shown by

dmf,b dmf,pb dmf,db

= + 8
dt dt dt ®)

Schihl (1998) assumes that the premixed burn occurs only in a thin shear layer along the sides of
the spray plume. However, the results of Dec (1997), Flynn et al. (1999), and Higgins et al.
(2000) suggest that premixed combustion occurs throughout the volume of the spray plume head.
Therefore, as an engineering approximation, upon ignition a premixed flame, encompassing the
entire radial cross-section of the plume, is assumed to propagate from the tip of the spray back
toward the injector as shown in Fig. 5.

Siebers and Higgins (2001) show that at the periphery of the DI diesel spray plume the
premixed flame will stop propagating at the lift-off height, H, as shown in Fig. 3. These authors
provide data for a lift-off height parametric study in which the effects of injection velocity (Uiy),
nozzle diameter (dno,), charge temperature (Tcn), and charge density (pcn) are explored. From
these data a power law was developed to fit the data and is given in Eq. (9).

-3.74 -0.85 0.34
H(m) =0.016 Tch Pch Ui“j dnoz
1105 K 14.8 kg/m3 560 m/s /\ 0.00018 m

-0.5
+0.000015(560 m/s - U, ) Lo, Pan Ao,
111000 K )\ 14.8 kg/m 0.00018 mm

The tests of Siebers (1998) show that the liquid fuel penetration will reach a quasi-steady
length, L, as shown in Fig 3. A scaling law for this fueling length is presented by Siebers (1999)
and is incorporated into the code. The results of Siebers and Higgins (2001) show that if the lift-
off length is greater than the liquid fuel length then the premixed flame will be relatively flat
across the cross-section of the spray plume, but if the liquid fuel length is greater than the lift-off
height then the premixed flame will reside at the lift-off height along the periphery of the spray
and just downstream of the liquid fuel length along the centerline of the spray (this case is shown
in Fig. 3). To simplify the problem, the premixed flame is assumed to be flat (its axial location is
not a function of the spray radius) and the steady-state distance between the premixed flame and
the injector, R, given by

R=H for H>L and R=(H+L)/2 for L>H (10)

The premixed flame therefore starts at the tip of the spray and propagates back to R. The

flame velocity is a function of the distance from the injector, x, and is given by

Uy, =(u'+s, +U,,) (11)

)
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Figure 5: Schematics of the DI diesel spray plume (a) at SOC, (b) a short time after SOC, and (c)
later in the combustion event when the premixed flame has reached its steady-state location.
Gray is used for vapor fuel, with darker shades indicating richer mixtures. Blue lines mark the
location of the premixed flame and green lines the location of the diffusion flame. Red shows
the products of premixed combustion with lighter shades indicating higher temperatures.
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where Uy, « 1s the velocity of the spray plume at the location of the flame calculated using the
spray model of Naber and Siebers (1996), u’ is the global turbulence level calculated using an
appropriate length scale and the mixing rate, o, given by Eq. (7), and st is the laminar flame
speed which is an input to the model.

For all cases studied thus far the conditions at the plume tip at the time of ignition are fuel
rich. This result is in agreement with the experimental results of Dec (1997) and Higgins et al.
(2000). Therefore, the premixed flame does not consume all of the fuel that passes through it.
The mass of fuel that passes through the flame may be calculated using the spray plume model of
Naber and Siebers (1996) and the known location of the flame, x. However, only the
stoichiometric amount of fuel is entrained into the flame and consumed. Following Schihl
(1998), the amount of fuel entrained into the flame front is given by

dm n - X
Wi (0] 5 A (s, 41U, ) S0z (12)
dt ng ) ’ T X004

where (ng/ne)x 1s the average fuel to charge ratio at the flame location, p, is the charge molar

density, and Ay is the area of the flame front calculated from geometric arguments and not
including the effects of flame wrinkling. The ratio of charge oxygen mole fraction, X0z ch, to the
stoichiometric mole fraction of oxygen, X0z ¢4-1, accounts for the fact only a portion of the fuel
passing through the flame can be entrained and eventually consumed since the flame is fuel-rich
and was not included by Schihl (1998). The total mass of fuel entrained into the flame can then
be obtained by the integration of Eq. (12). The rate at which the fuel entrained into the
premixed flame burns is given by

dmf,pb — mf,en _mf,pb (13)
dt T,
where the chemical time for burning is
r =2 (14)

and 9y is the Taylor scale (Schihl, 1998).
The fuel that passes through the premixed flame unburned becomes available for
diffusion combustion. The rate of diffusion burning is given by

dm (mf — My ) T T .
f.db _ ,av s mix (mf —m, )(,0 mix (15)
,av ,db
dt T . T

mix mix,util mix,util

where myg,y is the mass of fuel available for diffusion combustion and o is the mixing rate
(inverse of the characteristic time for mixing, Tmix) given by solution of Eq. (7). The ratio
(Tmix/Tmixutil) 18 @ factor that adjusts the burning rate for changes in the charge composition.
Schihl (1998) also included factors to account for jet expansion and flame quenching upon wall
impingement.

A diagram of the spray plume just prior to the end of injection (EOI) and after the EOI is
provided in Fig. 6. Once all of the fuel has passed through the premixed flame then the rich
premixed flame products are surrounded by a diffusion flame that consumes most of the
remaining fuel (combustion efficiencies near 100%).
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Figure 6: Schematics of the DI diesel spray plume (a) just prior to EOI, (b) a short time after
EOI, and (c) after all of the fuel has passed through the premixed flame but before EOC. Gray is
used for vapor fuel, with darker shades indicating richer mixtures. Blue lines mark the location
of the premixed flame and green lines the location of the diffusion flame. Red shows the
products of premixed combustion with lighter shades indicating higher temperatures.
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11.4 Summary of the Most Important Results

The Schihl thermodynamic cycle simulation code was programmed in C++ and included
in the Vanderbilt University Engine Modeling and Analysis Program (VUEMAP), a code that
includes many tools for the analysis of engine data and models for the prediction of engine
emissions and performance. The Schihl model is included in the code in two forms. First, it was
implemented in its near original form. Second, Schihl's model was modified to more closely
conform to the conceptual model of DI diesel combustion (Dec, 1997; Flynn et al., 1999;
Higgins et al., 2000).

Model validation using the 0.75 L single-cylinder engine data has begun. Sample results
are included in Fig. 7 and 8 for the operating conditions shown in Table 2. The graphs in Fig. 7
provide insight into how the model works. Note that a square injection rate profile has been
used. In Fig. 8 the predicted apparent rate of heat release and cylinder pressure are compared to
the experimental values. The results in Fig. 8 show that the predicted premixed burn rises much
more rapidly than that measured experimentally, but that the peak heat release rate is matched
well. The model also predicts a diffusion burn that is much faster than that found experimentally
early and then reverses trend at around 10.5 CAD ATDC.

Table 2: 0.75 L single-cylinder DI diesel engine operating conditions for which sample results
are shown in Fig. 7 and 8.

Engine Speed 750 RPM

Fuel Injection Pressure 100 MPa

Fuel injection quantity 0.030 g/in;j.
EGR 0%

Intake Manifold Pressure 120 kPa

Intake Manifold Temperature 353 K

Exhaust Manifold Pressure 125 kPa
Injection Timing 4.7 CAD ATDC

In Fig. 9 the experimental closed valve indicated mean effective pressure (IMEP,,) is
compared with that predicted using the model. The closed valve IMEP is used because the
model predicts the cylinder pressure only for the closed valve period. The closed valve IMEP is
obtained by integrating (Pcy1*dVy) from IVC to EVO. The model is found to overpredict the
IMEP,, for nearly all cases with the overprediction becoming greater at higher values of IMEP,,.
The predicted values are found to be fit well by a straight line.

Further refinement of the model is needed in order to improve its predictive capability.
Analysis of the model and engine data is still in its preliminary stages.

12.0 NO,x Model Development

12.1 Background

The dynamic NOx model of Psota and Mellor (2001), presented in Section 7.0, has been
implemented into the cycle simulation code. In the work presented in Psota and Mellor (2001)
and in Section 7.0 the required model inputs, burn rate, cylinder charge pressure, and bulk charge
temperature, are derived from experimentally measured cylinder pressure. When the model is
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Figure 7: The rates (a) and masses (b) of fuel injected (mg;y;), fuel entrained in the premixed
flame (my.n), fuel consumed in by the premixed flame (mgyy), fuel consumed in the diffusion
flame (m¢qp), and total fuel burned (mgp) for the operating condition shown in Table 2. The

legend in (a) applies to (b) as well.
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Figure 8: Comparison of the experimental and predicted (a) apparent rate of heat release and (b)
cylinder pressure for the operating condition shown in Table 2.
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Figure 9: The closed valve indicated mean effective pressure (IMEP,,) calculated from the
experimental cylinder pressure data versus that calculated with the cycle simulation code. The
dashed line has a slope of one and indicated perfect prediction. The solid line is a best-fit to the

data with fit statistics given provided on the graph. The red datum is for the operating condition
in Table 2.
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used with the cycle simulation code these quantities are predicted and supplied to the NOx
model. Several aspects of the dynamic NOx model are being investigated and/or modified.

12.2 Statement of the Problem Studied

The dynamic NOy model of Psota and Mellor (2001) used the Olikara and Borman (1975)
equilibrium solver to calculate the conditions in each zone of the NOx model. This solver
requires the use of proprietary equations when EGR is considered and is not valid for fuel rich
mixtures. Therefore in order to extend the capabilities of the model and remove any proprietary
information from the code, the equilibrium solver STANJAN (Reynolds, 1995) has replaced the
Olikara and Borman (1975) solver.

Psota and Mellor (2001) define the mass in zone 1 of the model as

m”:(dmbj 1+ A (16)
Ude )\ F

where (dmy/dt) is the fuel burning rate and A/F|4- is the stoichiometric air-fuel ratio. The
subscript t indicates the parameters that are functions of time or crank position. Examination of
this equation reveals that the right hand side is a mass flow rate instead of a mass. Though not
explained by Psota and Mellor (2001), the zone 1 mass has been formulated in this way because
the residence time of an NO forming (and possibly decomposing if using the one-zone version of
the model) eddy in zone 1 is not known. Further, the mass in zone 1 should not simply be fuel
and air in the case that EGR or other diluent is used, but should also contain the diluent.
Therefore, Eq. (16) should read

] (17)

¢=1

dm m
ml,t = Tres,t ( dtb j [1 + rnCh
t f

where Ty is the residence time of NO forming eddies passing through zone 1 at time t. Note the
subscript t has been included with T, because the residence time of NO forming eddies in zone 1
can change throughout the combustion period. Inclusion of the eddy residence time in zone 1
should increase the model's ability to predict NOy for changes in operating conditions that affect
mixing. Development of an expression for Ty using the 0.75 L single-cylinder DI diesel engine
data is one of the objectives of this work.

Recall that Psota and Mellor (2001) investigated both one- and two-zone versions of the
dynamic NOx model. In the one-zone version of the NOx model an assumption regarding the
concentration of N,O in the zone is required. Psota and Mellor (2001) assumed that N,O is in
steady-state in zone 1. Another option that is explored is to assume that reaction (R5) (O + N, +
M <> N,O + M) of the skeletal mechanism is in partial equilibrium. Perfectly stirred reactor
simulations may also be used to determine the proper evaluation of the N,O mechanism in zone
1.

12.3 Summary of the Most Important Results

The Olikara and Borman (1975) equilibrium solver was successfully replaced with the
STANJAN (Reynolds, 1995) equilibrium solver. Discrepancies in the results obtained from the
two solvers are small and can be explained by differences in the codes. The Olikara and Borman
(1975) solver does not account for the effects of EGR directly, but uses a proprietary
modification to the flame temperature. Further, the Olikara and Borman (1975) solver calculates
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only 10 equilibrium species while the STANJAN (Reynolds, 1995) is used to calculate 20
equilibrium species.

Equation (16) was corrected with Eq. (17). To date the residence time in zone 1, Tres, has
been assumed equal to one crank angle degree following the work of Psota and Mellor (2001).
Replacing the A/F|y-; in Eq. (16) with me/mgg-1 in Eq. (17) leads to slight differences in the
correlation constant, but affects the correlation statistics little. Development of an expression for
the zone 1 residence time using the 0.75 L single-cylinder engine data is in its preliminary stages.
The residence time is expected to be a function of injection pressure, engine speed, and other
operating conditions and cylinder geometry aspects that influence mixing (Plee et al., 1981b;
Duffy and Mellor, 1998). Data available to date have not been well suited for investigating this
residence time because independent changes in operating conditions and injection information
were not available, but data from the 0.75 L single-cylinder engine (see Section 11.0) are well
suited for this work.

A comparison of the assumption that N,O is in steady-state in the one-zone model with
the assumption that reaction (R5) is in partial equilibrium was completed. The results show that
the difference in the NO formation rate for either assumption is negligible.
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