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STATEMENT OF THE PROBLEM STUDIED 

The objectives of the Engine Research Center (ERC) are to conduct research leading to improved diesel engines, to provide trained 
manpower for U.S. needs, and to cooperate in technical information exchange with Army and other engine laboratories. Five projects 
undertaken to meet these objectives; they are summarized below. 

The objective of the first project was to combine the use of KIVA and some limited experimental work to produce a methodology for 
the design of new engine concepts using computational techniques. This methodology was developed using KIVA and cycle analysis 
applied to the problem of producing a high power-to-weight ratio engine that burns JP8 fuel and is suitable for use as an army gen-set 
powerplant. 

The objective of the second project was to develop a physically based soot model for use in KIVA and to compare results from this 
model with data from engines being run in the ERC. These data include in-cylinder soot measurements on a Cummins turbocharged 
NH and a Caterpillar engine with very high pressure injection. The model will be combined with the advanced combustion model of 
Project 3. 

The objective of the third project was to produce a new combustion model for KIVA, which will more accurately portray the physics 
of diesel ignition and heat release. The model was based on flamelet concepts enhanced by inclusion of flame stretch and curvature, 
flame shortening, and turbulent diffusion. Adjustments and model parameter sensitivity tests were performed by comparisons to ERC 
engine data and off-engine data from the existing literature. 

The objective of the fourth project was to experimentally measure the liquid and vapor characteristics for very high pressure injectors 
under pressure and temperature conditions like those found in a diesel cylinder. Techniques of phase doppler particle analysis, and 
droplet sizing and image velocimetry were applied to advanced design injectors which inject into an engine-fed-bomb having very 
good optical access. The bomb duplicates the central injection and bowl geometry of a modern diesel engine. The resulting were 
compared with KIVA computations. 



The objective of the fifth project is to produce a new diagnostic system capable of characterizing a three dimensional flow field in 
time. This diagnostic is to be applied to a see-through engine and should allow balances to be applied to a control volume within the 
cylinder. Such balances are a very important step in understanding transient 3-D flows and should be of great help in validating the 
KIVA flow models. 

In the paragraphs below the results are presented as three separate sub-reports. Work toward the fourth and fifth objectives was 
integrated into the results used in the development and validation of results for the first three objectives. 

SUMMARY OF RESEARCH FINDINGS 

COMPUTATIONAL METHODOLOGY FOR ENGINE DESIGN 

The goal of this project was to explore methods to incorporate the use of multidimensional modeling in the engine design process. 
Traditionally, engine design has been done using experimental trial and error and experience, coupled with cycle analysis. However, 
new tools such as comprehensive computer models are now available. This project aims to develop a methodology for engine 
combustion chamber design by using advanced computer models guided by informative experiments. 

The approach used was to apply computer models to explore specific engine design concepts. Emphasis was placed on developing 
methods to analyze the in-cylinder flow predictions in order to explain trends and suggest improved design configurations. The first 
engine concept was one studied previously under TACOM funding at the ERC in which the fuel spray is targeted to impinge on a 
raised center-body or pedestal on the piston. This engine concept was shown to produce a well-atomized and dispersed fuel cloud 
which could be spark-ignited with very low cetane number fuels. The second engine concept exploited the use of multiple injectors to 
help disperse the spray droplets and to enhance the fuel-air mixing. In order to verify the model results and to help establish engine 
geometry design parameters, specially designed experiments were performed for the impingement engine concept. 

Experimental Analysis of Spray and Engine Geometry Design Parameters 

Booth [1] conducted a comprehensive investigation of fuel spray impingement in a high-pressure ambient temperature spray chamber, 
where the fuel was impinged onto a raised target. The injection parameters were set at levels equivalent to that found in small utility 
diesel engines with fuel quantities of approximately 20 mg/injection. The study had three main parts. First, a laser interrupt method 
was used to determine the radial penetration of the impinged spray for a large number of variables in order to investigate the effects of 
many engine geometry/fuel injection system design parameters. Second, a series of high-speed films were taken to verify the 
penetration data from the laser interrupt method. Lastly, an experiment was performed to determine the heat transfer from a heated 
target to the impinging spray. This work was conducted in a high-pressure spray chamber and no drop sizing was conducted at that 
time. 

For the laser interrupt study, a large number of variables were selected. In order to see which of the many parameters had a significant 
effect on penetration, a fraction factorial design was used as a part of a developmental method for the analysis of such engine/spray 
parameters. This design allowed a large number of variables to be studied with a relatively small number of runs. The laser interrupt 
method only provided penetration time at fixed distances, which were set to 10, 15, 20, and 30 mm from the spray centerline. The 
results showed that two important variables were ambient density and target diameter. As the ambient density, ambient pressure, and 
target diameter increased, the penetration time increased. In other words, the spray did not penetrate as fast. This effect of ambient 
density has also been seen with free sprays and impingement on flat plates. In regards to the effect of target diameter, for the smaller 
target the spray began to entrain air closer to the impingement point where the velocity was high. The increased air entrainment 
caused more momentum exchange with the gas and thus lower penetration. The target temperature, target material, and fuel type had 
an insignificant effect on penetration time. In addition, impingement distance had little effect when the penetration time was taken 
from the time of impingement. 

Next, based on the above results, high-speed films of the spray development were taken for 10 test cases. The penetration proceeded 
quickly at first, then slowed down in the later stages of the injection. In looking at the spray penetration, higher ambient density and 
smaller target diameters resulted in lower penetration, which was also seen from the laser interrupt results. However, no effect of fuel 
type or target temperature was found. One problem was that effects due to gas density gradients around the target made spray 
development impossible to see until after impingement and the spray had passed the boundary layer temperature gradients, thus 
making it difficult to determine impingement times. Since the heat transfer results showed that the heat transferred into the spray was 
not enough to significantly vaporize the spray in any of the cases, future impingement work would utilize both a different visualization 
scheme and non-heated targets. 



Mislevy's [2] work examined the behavior of a non-vaporizing diesel fuel spray impinging on a raised surface on the piston crown in a 
motored engine. Booth's work was used as a guideline in order to do a more detailed investigation on what appeared to be the most 
important engine geometry design parameters. For the spray visualization, a laser light sheet was created with an Argon-ion laser in 
order to illuminate a plane of the spray. An acousto-optic modulator in conjunction with an iris were used to act as an electronic 
shutter, and the spray was imaged onto 35 mm film with the camera positioned at 90° to the light sheet. Once injection was initiated, 
the third injection event in the series was captured on film and each image represented a separate injection event. In contrast to the 
back illumination scheme used by Booth, this method would allow for more information on the internal spray structure. An 
atmospheric spray chamber was built, and this new illumination scheme was tested for a variety of impingement target diameters, 
heights, and impingement distances. This scheme revealed that under atmospheric conditions, the post-impingement spray showed a 
distinct separation between (1) a vortex region forming on the edge of the target and (2) what appeared to be bigger drops that are 
unaffected by the vortex and penetrate outward at small angles of incidence. These details are seen in Figure la. 

These larger drops were not seen in Booth's work, which used a different imaging scheme and was also at higher ambient gas 
pressures, as summarized in Figure 2. Therefore, the laser sheet imaging scheme was next used in a high pressure bomb, with varying 
ambient pressure and density. Larger drops were identifiable for the low-density cases for ambient pressures up to 1.7MPa. However, 
as the ambient density was increased to engine-like values, only the large vortex region was seen. At this time, it is still unclear as to 
whether the bigger drops are a result of post-impingement spray coalescence or droplet splashing of the fuel film that may be on the 
pedestal from a previous injection. 

Next, a single cylinder, optical access research engine was modified for direct fuel injection and the impingement targets were bolted 
to the piston top. A 30 mm high acrylic annulus was placed between the cylinder block and head to allow optical access, as shown in 
Figure lb. This height of the annulus was used for increased optical access as well as to provide the capability to test a range of 
impingement distances and target heights. A compressed air intake system was added to boost the intake pressure in order to simulate 
higher compression ratios. As with the spray chamber results, when the penetration time is taken from the time of impingement, 
neither impingement distance nor pedestal height had a major impact on spray penetration. In addition, boosted intake pressures and 
thus higher density at TDC showed less penetration. Although this was not unexpected, based on the spray chamber results, Mislevy's 
results have moved a step further and include the effect of piston motion, which causes continual movement of the spray pedestal as 
well as effects the bulk motion of the in-cylinder flow. 

In Mislevy's work the Phase Doppler Particle Anemometer (PDPA) has been employed to get information regarding post- 
impingement spray drop velocities and sizes in the atmospheric spray chamber and in the motored engine. This information is 
invaluable for refinement of the impingement models. 

Modeling Spray and Engine Geometry Design Parameters 

In an effort to develop a computational methodology for engine design, a multi-dimensional CFD code, based on the KIVA code, was 
used to examine several unconventional diesel engine concepts. Two of these concepts, referred to as SIMPLE and MICS are shown 
in Figure. 3. While the MICS combustion chamber geometry is the same as the baseline Caterpillar engine, the chamber geometry for 
the SIMPLE engine is similar to the pedestal engine of the motored impingement experiments of Mislevy [1]. In the SIMPLE concept 
all of the fuel is injected vertically downward onto the centrally located pedestal which produces an azimuthally uniform fuel/air 
mixture. In addition to the engine case, injection conditions were chosen to replicate the experimental impingement conditions for 
code validation. In the MICS concept, multiple injectors are used to enhance the gas-phase swirl motion and to increase the surface 
area for fuel/air mixing. Additional concepts referred to as the GAMMA and WHEEL engines were also investigated and details can 
be found in Senecal's papers [3, 4]. 

The SIMPLE design concept utilizes a centrally located impingement pedestal to enhance atomization and provide fuel in the center of 
the combustion chamber. In order to assess the capability of the multi-dimensional models for simulating this type of forced 
spray/wall impingement, comparisons were first made with the non-vaporizing spray bomb experiments of Naber [5], Booth [1] and 
Mislevy [2]. While these comparisons focused on the overall structure and penetration of the fuel spray (e.g., Fig. 1(c)), continuing 
work will compare drop sizes and velocities for the post-impingement spray. Figure 1(d) presents the computed spray drop 
distribution for one of Booth's cases at approximately 2 ms after the start of injection. The major features of the impinged spray are 
evident in this figure. While the larger drops (indicated by dark grey) penetrate to the front of the spray, the smaller drops (indicated 
by light grey) are "caught up" in the spray-induced vortices existing both above and below the pedestal. This is seen in the 
experimental images shown in Figures 1(a) and 1(b). Figure 2 shows the liquid spray tip penetration for this case as functions of time 
as measured by Booth and as calculated with the present KIVA code. As can be seen the agreement is excellent. Further comparisons 
with spray/wall impingement experiments can be found in [6] for the experiments of both Naber and Booth. 

With this and other validation studies completed, the code was next applied to engine cases. The resulting soot/NOx points and 
soot/isfc points for the various concepts and the baseline heavy-duty diesel engine for an SOI of -9 deg. atdc are shown in Figure 4. It 
was found that for the given speed and load (1600 rpm, 75% load), particular engine design parameters had a large impact on the 
resulting emissions for each concept.  For example, as shown in the figure, the gas-phase swirl level has a significant effect on the 



engine-out soot emissions for the SIMPLE engine due to the resulting flow field in the spray-axis plane. The soot/NOx points for this 
concept are shown in Figure 4(a) for a swirl level of one (SIMPLE-1) and zero (SIMPLE-0). While the SIMPLE-1 case produces a 
flow field which inhibits all or most of the fuel from penetrating deep into the piston bowl resulting in delayed burning, in the 
SIMPLE-0 case the fuel leaving the pedestal is directed down into the bowl by a counterclockwise vortex set up by the squish flow. 

The present results suggest that in the SIMPLE design the fuel spreads from the pedestal in an axisymmetric fashion and is forced 
down into the bowl (in the case of zero swirl). The relatively low NOx values can be attributed to the longer ignition delay which is 
due to the distance the large drops need to travel before they impact on the pedestal and break up to form a fuel/air mixture. These 
large drops do not vaporize significantly prior to impingement. As a result, the NO reduction mechanism associated with pedestal 
impingement seems to be similar to that of retarding the injection timing, which was also shown to be the case by Han et al. [7] for 
certain multiple injection schemes. Note, however, that the increased soot that typically accompanies retarded injection timings in the 
conventional design is not a problem with the present concept because of the enhanced fuel/air mixing characteristic of the design. 

When multiple injectors were used in the MICS cases, the results show that the number of injectors, and hence the number of nozzle 
holes per injector, had a large effect on the production of emissions. In the MICS-2 concept, the use of two three-holed injectors 
produced locally fuel-rich regions, and thus high soot levels, due to the close spacing between the fuel sprays. As a result, three two- 
holed injectors were used in the MICS-3a case to reduce the extent of the fuel rich regions, however, the enhanced burning rate 
resulted in higher in-cylinder temperatures and hence, higher NOx levels. It was found that the burning rate could be controlled by 
reducing the angle between the sprays, as in the MICS-3b case, resulting in both lower soot and NOx when compared to the baseline 
case. 

Engine Design Methodology 

In the present study experiments were used to both validate the models and to help select engine geometries for computational 
investigation. Once a "baseline" configuration was selected for a particular concept, the models were used to gain experience about 
how changing certain parameters affected the performance of the design. The models were then used to optimize the engine design 
parameters for minimum emissions and fuel consumption. Engine performance was monitored by correlating predicted engine-out 
emissions with those in-cylinder flow details that were found to significantly influence emission formation rates. For example, 
tracking the percentage of the total cylinder gas mass which is at a high temperature was found to be a useful measure of the NOx 
formation potential for each particular engine design concept. 

Similarly, the percentage of the charge with rich equivalence ratios was found to be an excellent predictor of the sooting potential for 
each engine design concept. In addition, design modifications (such as orienting the injection toward the squish flows, optimizing the 
interactions between spray plumes or exploiting swirl) were suggested to move soot-producing regions toward oxygen-rich regions 
within the combustion chamber to promote fuel and soot oxidation. The magnitude and timing of peak cylinder pressure, and the 
burned fuel histories were found to influence isfc and emissions. These criteria were used as indicators to suggest parameter 
variations, such as the number of injector holes, or the injector orientation, so as to minimize emissions and fuel consumption. 
Additional details of the methodology used to find optimal design criteria can be found in [3, 4 and 6]. 
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a) atmospheric spray chamber. c) Vector plot of KIVA results. 

b) motored engine with atmospheric intake pressure 
d) Computed spray drop distribution from KIVA. 

Figure 1. Comparison between experimental photographs of impinging spray and KIVA results for 2.3 ms after impingement. 
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Figure 3: Schematics of the (a) SIMPLE combustion chamber geometry (glow plug was not considered in the present work) and (b) 
MICS-2 injection scheme. 
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DEVELOPMENT OF A MULTI-STEP PHENOMENOLOGICAL SOOT MODEL 

Nomenclature: 

Roman symbols: 
a 
M 

stoichiometric coefficient in reaction (1); 
preexponential factor for the Arrhenius rate 
coefficient of the rth process; 

b        -     stoichiometric coefficient in reaction (2); 
dn      -     soot particle diameter; 
E\      -     activation energy for the Arrhenius rate coefficient 

of the rth process; 
fv       -     soot volume fraction; 
hct    -     intensity of scattering signal; 
7ra(j    -     intensity of radiation signal; 
k        -     turbulent kinetic energy; 

% Boltzmann constant; 
Aext   - extinction coefficient; 

GR 
"c     " number of carbon atoms in growth species; 
Kn     - soot particle Knudsen number; 
N soot particle number density; 
NA     - Avogadro's number; 

KW) the Plank's function; 
ösca  - volumetric scattering cross-section; 

n the rth reaction rate; 
kin kinetic rate of the rth process; 

fmiX 

i mixing rate of the rth process; 
s soot surface area; 
t reaction time; 
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ax      -     calibration constant in Eq. (26); 

ß       -     soot particle collision frequency; 
yöfin    -     soot particle collision frequency in the free 

molecular regime; 
p\z    -     soot particle collision frequency in the near- 

continuum regime; 
s       -     rate of dissipation of turbulent kinetic energy; 
X       -     light wavelength; 
//       -     molecular viscosity; 
p       -     mixture mass density; 
ps      -     mass density of soot particle material; 

</>    -     equivalence ratio. 

T - the temperature; 
wc - molar weight of a carbon atom; 
wf - molar weight of fuel; 
WGR - molar weight of growth molecule; 
wpR - molar weight of precursor species; 
yf - mass fraction of fuel; 
XJR - mass fraction of growth species; 
yPR - mass fraction of precursor species; 
ys - soot mass fraction; 

Greek symbols: 
a       -     van der Waals enhancement factor of soot 

coagulation rate; 
as      -     calibration constant in Eq. (25); 

Introduction 

Particulate emissions represent one of the most deleterious pollutants generated during Diesel combustion. The newly 
suggested Environmental Protection Agency (EPA) standards impose very strict regulations on particulate levels with 
specific emphasis on the size of emitted particles [1]. According to the recent epidemiological studies, particles two and 
one half microns or less in diameter may be the most harmful because they penetrate deep into lung tissue. The new 
standards have resulted in increased interest in fundamental understanding of the mechanisms of soot particle formation 
and oxidation in internal combustion engines. 

Multidimensional computer simulations are becoming an essential part of the modern engine design process [2]. The 
ability to predict soot formation is one of the key elements needed to assist in the optimization of engine performance with 
respect to the emission levels. Among the many directions of research, there is a pressing need for practical computer 
models that would be able to describe the process of soot formation during Diesel combustion on both qualitative and 
reasonably quantitative levels. 

Prediction of soot formation and oxidation has always been one of the biggest challenges in combustion modeling [3,4]. A 
variety of different soot models ranging from simple empirical correlations relating the amount of particulates in the 
exhaust to the engine operating parameters [5] to very detailed descriptions of pre-particle chemistry and soot particle 
dynamics [6-9] have been proposed for engine simulations. While the empirical correlations offer simplicity and 
computational efficiency, they cannot be applied reliably to the systems other than those for which they were specifically 
calibrated. In addition, these models provide very limited insight to the soot formation process in the system under 
consideration. Detailed models, on the other hand, treat the process of soot formation in considerable detail and are 
becoming nearly quantitative for simple combustion systems [10-13]. Yet, these models are usually not considered for the 
use in engine or three-dimensional CFD modeling in general since they are very expensive computationally. At present, 
however, with the development of efficient methods of reaction mechanism reduction and increased speed of modern 
computers, the application of detailed models is becoming more feasible. Nevertheless, there is still a number of 
problems that prevent us from the immediate use of these models in routine practical engine simulations. First, these 
models require the explicit knowledge of the comprehensive reaction mechanisms describing fuel pyrolysis and oxidation 
under engine conditions. Such mechanisms are normally very complex and not readily available for multicomponent 
blends of practical Diesel fuels; the majority of the current efforts was focused on relatively simple hydrocarbon fuels such 
as natural gas [6] or n-heptane [7,8]. Furthermore, the submechanisms describing formation of polycyclic aromatic 
hydrocarbons (PAH) widely regarded as soot particle precursors, and therefore needed for the description of pre-particle 
chemistry, are still the subject of uncertainty [14,15]. The other problem is the accurate representation of interactions 
between the detailed chemistry and turbulent mixing on a subgrid level. Pitsch et al. suggested the approach based on a 
representative interactive flamelet concept that was applied successfully to a high-pressure spray bomb [7,16] and a VW 
direct-injection Diesel engine [8] combustion. However, this model is very demanding in terms of computational time and 
still requires further validation. Finally and perhaps most importantly for practical applications, the predictions of soot 
formation and oxidation in an engine are extremely sensitive not only to the choice of soot model itself but also to the 
other submodels needed to describe the complex process of Diesel combustion such as the turbulence model and 
particularly the fuel spray model [17,18]. The existing uncertainties in these models can essentially eliminate the 
advantages of using a detailed kinetic treatment of soot formation in practical engine simulations. 

In this work, we adopt a compromise approach and use a phenomenological model of soot formation and oxidation. 
Phenomenological or semi-empirical kinetic models of soot formation have a long history of development and use from 
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the early works of Tesner and co-workers [19] to many recent computational efforts [20-23]. It is worthwhile to point out 
that, facing the uncertainties in soot chemistry, some authors have applied semi-empirical models of soot formation even 
to simple laminar flame systems when the detailed description of fuel chemistry was available [20]. Semi-empirical 
models describe the complex process of soot formation and oxidation in terms of several global steps. Such an approach 
is particularly advantageous for the practical combustion simulations. On one hand, a simple system with a well-defined 
kinetic behavior is substantially easier to interpret and to calibrate for the operation conditions of interest. On the other 
hand, once properly calibrated, the model is expected to behave reasonably within a certain range of operating conditions 
describing the qualitative trends and even providing semi-quantitative predictions since it captures the basic fundamental 
features of the process of soot formation and oxidation. 

One of the most popular semi-empirical models of soot formation in a Diesel engine suggested by Hiroyasu and Kadota 
[24] includes only two steps: (1) soot formation linked directly to the concentration of initial fuel; and (2) soot oxidation 
related to the concentration of molecular oxygen. This model and its modifications were successfully applied in a number 
of studies [25,26]. However, it was also shown that two-step models have rather limited range of applicability [27]. In 
addition, these models do not provide the information regarding the size of soot particles which, as it was mentioned 
above, is one of the issues of practical interest. Therefore, higher-level, multi-step semi-empirical models of soot 
formation are currently considered [27-30]. Belardini and co-workers [27-29] demonstrated the reasonable agreement 
between the predictions of their multi-step model and experimental data obtained for a number of test cases using 
different fuels and injection timings. Fusco et al. [30] indicated the consistency of the trends reported in the literature and 
the predictions of their model. 

In the present work, a modified version of the phenomenological model suggested by Fusco et al. [30] was implemented 
and validated against the experimental data derived from the in-cylinder soot optical measurements in a single-cylinder Dl 
Diesel engine. 

Model Formulation 

The computations were performed using the KIVA-II code [31] enhanced with the submodels developed at the Engine 
Research Center of the University of Wisconsin-Madison [32]. The specific improvements particularly relevant to the 
present study include RNG k-e turbulence model [33], the Shell 5-species autoignition kinetic model [34,35], 
characteristic-time combustion model [36,37], and spray atomization model accounting for combined Kelvin-Helmholtz 
and Rayleigh-Taylor droplet instabilities [18]. 

The basic structure of the soot model used in the present study was taken from the work of Fusco et al. [30] with 
modifications that will be discussed later in the paper. The model incorporates, via global rate expressions, the physical 
processes of fuel pyrolysis and soot particle inception, surface growth, coagulation and oxidation. These processes are 
shown schematically in Fig. 1. 

oxidation 

INERT       PRODUCTS 

Figure 1. Structure of the phenomenological model of soot formation and oxidation. 
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The pre-particle chemistry is represented by pyrolytic decomposition of fuel forming generic soot particle precursor (PR) 
and growth (GR) species. Both processes are described with single-step global kinetic reactions: 

Fuel -> a PR + products (1) 

Fuel -> b GR + products (2) 

where the stoichiometric coefficients a and b are chosen to preserve the carbon balance in reactions (1) and (2). It should 
be pointed out that, in many similar semi-empirical models, the formation of precursors is usually related to the growth 
species commonly assumed to be acetylene, C2H2, rather than to the parent fuel itself. Such an approach may be 
reasonable for the combustion of small hydrocarbons when formation of the first aromatic ring proceeds through acetylene 
or its derivatives. A typical Diesel fuel, however, normally contains a significant amount of aromatics. The formation and 
growth of polycyclic aromatic hydrocarbons (PAH) widely regarded as soot particle precursors may occur differently and 
be closely linked to the concentration of parent fuel as assumed in the present model. 

Soot particle inception proceeds via conversion of precursor species into incipient soot particles, 

PR -> soot.     (3) 

Soot particles undergo further growth by surface reaction with the growth species, 

soot + GR -> "bigger soot" + products  (4) 

and particle-particle coagulation, 

soot + soot -> "bigger soot" (5) 

All model species, i.e., PR, GR, and soot are also subjected to oxidation, with the rates assumed to be related to 
concentration of molecular oxygen: 

PR + 02 -> 2 CO + products    (6) 

GR + 02 -> 2 CO + products    (7) 

soot + 02 -> "smaller" soot + 2 CO + products.        (8) 

For simplicity, the soot particle size distribution is assumed to be monodisperse locally, however, the particle size can be 
different at different locations inside the cylinder (different computational cells). This assumption, although common for 
most semi-empirical models [19-23, 27-30] and even some detailed models [7,8], is obviously not valid if the local soot 
particle size distribution is wide. Such a situation usually takes place when fast nucleation rates, caused by high 
concentration of precursors, occur simultaneously with high rates of surface growth: a continuous supply of small incipient 
particles and the rapid growth of already existing particles result in the spread of particle size distribution. This problem 
can be at least partially corrected by including another process into the kinetic model - direct deposition of precursor 
species onto the soot particle surface: 

soot + PR -> "bigger" soot.       (9) 

Inclusion of process (9) is justifiable physically since large PAH molecules regarded as soot particle precursors are 
believed to contribute to soot surface growth directly [38], and the direct deposition of PAH on soot surface is included in 
most detailed models [7, 8, 10-13]. On the other hand, the process (9) also helps to avoid problems with wide particle 
size distributions. If mature soot particles are present in the system, they will consume PR via reaction (9) preventing the 
generation of small incipient particles and, therefore, the expansion of the particle size distribution. 

Based on the model processes outlined by Eqs. (1)-(9), the model rate equations are written as follows: 

dyPR        wPR -n^ = a-nr    r     r     r   (10) 
at w{ 
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^o^=b^^r2-r4-r7 (11) 
dt wf 

-Z±- = r3+-C—^r4-rs+r9    (12) 
dt wGK 

dN        NA — = P—r3-r5l     (13) 
dt        wPK 

where yPR, yGR, and ys are the mass fractions of precursors, growth species and soot, respectively, N the soot particle 
number density, pthe mixture mass density, wu wPR, wGR and wc the molar weights of fuel, PR, GR, and a carbon atom, 

respectively, n°K the number of carbon atoms in GR, and NA the Avogadro's number. The terms r,, i = 1,...,9, appearing 
in Eqs (10)-(13) represent the corresponding rates of the processes (1)-(9). Specifically, the rates of the processes (1)-(3) 
were assumed to be in the form of global Arrhenius expressions: 

ri=Axexp{-EjRT)y{, (14) 

r2=A2exV{-EjRT)y{,        (15) 

r3=4exp(-JE3/JRr)^pR,      (16) 

where A, and E, are the preexponential factor and activation energy, respectively, of the fth process, R the universal gas 
constant, and T the temperature. 

The rate of soot surface growth, r4, was adopted following Leung et al. [20], 

rA=A4exp(-EjRT)S1/2ym,V7) 

1/2 
where S is the soot total surface area.  Leung and co-workers suggested that the growth rate being proportional to S 
provides a better description of soot growth in laminar diffusion flames as compared to the traditional expression 
proportional to S.   It should be emphasized, however, that this functional form has a completely empirical nature and 
accounts for only partial availability of the total soot surface area to the growth reactions as well as the overestimation of 
the total surface area caused by the assumption of monodisperse particle size distribution. 

The rate of soot particle coagulation, r5, is given by 

r5=^ßN2.     (18) 

The collision frequency ß is normally assumed to be in the free-molecular regime in most semi-empirical and detailed 
models [6-12, 20-23], This assumption is usually valid for subatmospheric and atmospheric systems typically used for 
model validations. At high-pressure Diesel engine conditions, the gas mean free path becomes comparable with the 
particle size and soot coagulation cannot be treated as free-molecular process. Therefore, in the present work the 
coagulation constant was described with the expression suggested by Pratsinis [39] that covers the entire range of 
particle sizes, 

a _    PfmPnc 

The free-molecular collision frequency for the equal-sized particles, #m, is given by 
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6kBTdD 

where a is the van der Waals enhancement factor, assumed equal 2 [40], kB the Boltzmann constant, ps the density of 
soot particle material assumed equal 2 g/cm3, and 

*P = 

6ysp 

the diameter of soot particle. The near-continuum coagulation constant, ßnc, is defined as 

Äc=—(l + l-257Kn),      (19) 
M 

where n is the molecular viscosity of the gas, Kn = 2#dp the Knudsen number, and I is the gas mean free path. The 
factor of 1.257 appearing in Eq. (19) represents the near-continuum slip correction factor [39]. 

The rates of the processes (1)-(5), related to the fuel decomposition and soot formation, are assumed to be unaffected by 
turbulent mixing. For the oxidation rates (6)-(8), mixing is expected to play an important role. Thus, to accommodate 
mixing effects, as well as for consistency with the characteristic-time combustion model [37], the oxidation rates are 
written in the following form: 

kin   mix 

r. =   .?    ;    .   ,/=6,...8, (20) km   ,      mix  ' x      ' 

where ?;kin and r™1" are the kinetic and mixing oxidation rates, respectively.   The functional form (20), i.e., harmonic 

mean of r,kin and r™'*, follows the approach of the characteristic-time combustion model used in the present study and 

represents the net steady-state result of two sequential processes, mixing and chemical reaction. In Eq. (20), the mixing 
rate is defined following the Magnussen's eddy-dissipation model [42] 

rr=c^y, 
k 

where k is the turbulent kinetic energy, sVne rate of its dissipation, and y the mass fraction of oxidized species, i.e., yPR for 
'=6, yGR for /'=7, and ys for /=8. For the gas-phase processes, (6) and (7), the value of constant c, was taken to be the 
same as for the other species in the characteristic-time combustion model, i.e., 10 [26]. In the case of soot oxidation, the 
constant c8 is used as an adjustable parameter. 

The kinetic parts of the gas-phase processes (6) and (7) are described with the global Arrhenius expressions, 

r6
km=A6exV{-E6/RT)yPK^,      (21) 

Wo, r7
kin = A, exp(- £7 /*7>GR ^,      (22) 

wo2 

where y02 and w02 are the mass fraction and the molecular weight of 02, respectively. For the kinetic rate of soot surface 
oxidation, the widely-used expression of Nagle and Strickland-Constable [41] was utilized. 

The rate of the process (9) is assumed to proceed with gas-kinetic collision rate, 
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r9=j-z^Sy?K.      (23) 

The Arrhenius parameters for the rate equations (14)-(17) and (21)-(22) are given in Table 1. 

Table 1: Model kinetic parameters 

Process 
Rate parameters k - = A exp (-EIRT) 

A (mol, cm, K, s) E (kcal/mol) 

1a 9.35 1010 120.0 

2a 3.93 108 49.0 

3 1.00 1010 50.0 

4 4.20 104 12.0 

6 1.00 1012 40.0 

7 6.00 1013 50.0 

aA was adjusted to achieve better agreement with the experimental results. 

The actual implementation of the model requires the specific assignment of composition and thermochemical properties to 
the generic species GR and PR in order to account for conservation of mass and energy in the system. The composition 
and thermochemistry of the growth species GR were assumed to be those of acetylene, C2H2, which is commonly 
accepted as a key soot growth species in combustion systems. The physical "prototype" of the precursor species, PR, is 
a large polyaromatic molecule with relatively low H/C ratio. Therefore, PR is assumed to be composed only of carbon 
atoms, and its thermochemical properties were taken to be those of graphite on per carbon basis. The number of carbon 
atoms in PR was taken to be 50, which results in approximately a 1 nm size of the incipient soot particle. Similar to the 
precursor species, the thermochemical properties of soot particle material were assumed to be the same as those of 
graphite on a per carbon basis. 

The rate equations (10)-(13) were incorporated in the KIVA-II code and coupled with the existing combustion model to 
account for the mass balance of main species (fuel, 02, CO, and H2) whose concentrations are being affected by the soot 
model. The system of coupled equations was solved with the implicit Euler method. It should also be pointed out that the 
rate equations (12)-(13) encounter a numerical problem when describing the burnout of soot particles. As can be seen, 
the oxidation of soot affects only the size of particles, while the particle number density remains the same. This 
assumption is reasonable if only moderate soot oxidation occurs. In an engine, one can expect situations where soot 
particles are being completely burned, so assuming the number density is unaffected leads to unrealistic particle sizes. 
Particle sizes that are substantially smaller than the size of the incipient particle or even a carbon atom can be predicted. 
In order to avoid this problem, it has been assumed that, if the rate of soot oxidation dominates over the inception and 
growth terms in Eq. (12) and the particle size decreases to the size of the incipient particle, further soot oxidation 
proceeds without change in particle size. Instead, the particle number density starts to decrease accounting for the soot 
mass loss. 

Once implemented, the predictions of the cylinder pressure and heat release rate were indistinguishable for simulations 
with and without the soot model. That is continuity exists in the coupling of soot and combustion models through the 
mass and energy balances. Also, engine out emissions have been predicted and compared with experiments [47]. 

Experimental Results 

The experimental measurements used for model validation were obtained by Tree and Foster [43,44] in a single-cylinder 
Cummins NH series direct-injection Diesel engine. The relevant engine specifications are presented in Table 2. 

Table 2: Engine specifications 
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Bore 13.97 cm 

Stroke 15.24 cm 

Connecting Rod Length 30.48 cm 

Displacement 2340 cm3 

Compression Ratio 15.5 

Engine Speed 1300 rpm 

Injector Type Cummins PT 

Number of orifices 8 

Orifice Diameter 0.2 mm 

Spray Angle 72° 

The injection starts at approximately -22.5° ATDC and lasts approximately 33°. The injection profile needed for the KIVA 
calculations was estimated from the link load data as described by Gonzalez [45]. 

In-cylinder soot data were obtained using two optical diagnostics techniques based on the measurements of laser 
scattering and extinction, and radiation and extinction of light emitted by soot particles. The optical setup and the 
methods of data reduction are provided in detail elsewhere [43,44] and only briefly outlined below. The optical probe was 
mounted in the exhaust valve approximately 5 degrees counterclockwise from one of the fuel spray axes and about 4.8 
cm from the center of the combustion chamber. The optical setup is shown schematically in Fig. 2. During the light 
scattering and extinction measurements (Fig. 2, top), the laser beam sent to the combustion chamber travels distance AB 
first and enters the scattering volume bounded by points B and C. For any element of the scattering volume AV, the light 
travels further the distance BDi, where D, is location of the volume element, then gets scattered back to the cylinder head 
traveling the distance DiE before reaching the receiving optical setup. The measured signal represents the summation of 
individual contributions from the volume elements along BC. Assuming the uniform soot distribution within the scattering 
measurement volume confined by the dotted lines, line BC and the cylinder head as shown in Fig. 2, the scattering signal 
is given by [43,44] 

A« (A> /v >dp) = as W exp[- K« 0*> /v . <*p ) 

{LAB+LBB)\      ,f
SCfY::d:l        [l-exp(-^t(A,/v^p)ZBC(l + cosr))], (25) 

where <% is a calibration constant, X the wavelength of light, /cext and Qsca the extinction coefficient and volumetric 
scattering cross-section, respectively, determined from the Mie theory [46], LAB, LBB\ and LBc the lengths of AB, BB' and 
BC, respectively, and /the angle ABB'. The experimental data taken at two different wavelengths (488 and 514.5 nm) 
provided the system of two equations obtained by substitution of values of X into Eq. (25) that was solved numerically with 

respect to fv and dp. Particle number density is derived from the geometric relationship, N = 6/v/ndp . 

In the case of radiation and extinction measurements, the flame radiation at two different wavelengths (514.5 and 850 nm) 
was measured. Each individual volume element AV located at point D2 within the radiation measurement volume 
bounded by the dotted lines, the cylinder head and the piston outline (Fig. 2, bottom) emits light that subsequently travels 
the distance D2E before entering the receiving optical setup. Again, assuming the uniform distributions of temperature 
and soot fields within the radiation measurement volume and neglecting the contributions of the radiation sources other 
than soot particles, the radiation signal can be written as [43,44]: 
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ljAJv,dp)=aMi-*M-K*M,fv,dp)Lm)]P(A,T)(26) 

where a, is a calibration constant and P{X,T) is the Plank's function. The parameter LPH represents the effective length of 
the radiating volume that was estimated to be 0.6 of the distance between the cylinder head and the piston bowl at the 
particular moment of the engine cycle [43,44]. Radiation measurements at two wavelengths combined with one set of 
scattering data at 2 = 514.5 nm provide the system of three equations that was solved for fv dp, and T. The optical signals 
used to obtain the solutions for soot properties were statistically averaged over about 200 engine cycles. 
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Figure 2: A schematic cross-section of the optical probe and expanded views of scattering and radiation measurement 
volumes [42,43]. 

The computational mesh used in the present study is presented in Fig. 3. It represents one-eighth of the engine 
combustion chamber (i.e., a 45° sector) for computational efficiency since the injector has eight holes. There were 28 
cells in the radial direction, 20 cells in the azimuthal direction and 28 cells in the axial direction. 

Figure 3: Perspective view of the computational grid and fuel droplet distribution at top dead center. 

RESULTS AND DISCUSSION 

As a first step of the simulation, the calibration of ignition, combustion, and spray atomization submodels was performed 
in order to reproduce the in-cylinder pressure and the rate of heat release observed experimentally.  The result of this 
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calibration is presented in Figure 4. As can be seen, the agreement between the experimental measurements and the 
model results are very good. The shape of the heat release curve exhibiting no significant premix burn typical of the 
Cummins PT injection system is reproduced very well (Fig.4, bottom panel). 
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Figure 4: Measured and predicted in-cylinder pressure (top) and the rate of heat release (bottom). 

Next, the soot model was calibrated against the experimental data of Tree and Foster [43, 44]. Preliminary sensitivity runs [47] 
indicated that the most sensitive parameters affecting predictions of soot mass are the rate of formation of growth species, r2, and soot 
oxidation rate, r8. To obtain a reasonable agreement with the experimental data, the preexponential factor of reaction (2) and constant 
c8 were adjusted. In addition, since the rate of PR formation strongly influences predictions of particle number density the 
preexponential factor of reaction (1) was adjusted as well. The adjusted preexponential factors are given in Table 1, and the value of 
c8 was 10. As explained in the previous section, the actual experimental measurements and their reduction were rather complex and 
based on a number of assumptions. In particular, uniform spatial soot distribution within the measurement volumes was assumed. 
Considering the uncertainties in the experimental data reduction and the simplifications accepted in the model, it is reasonable to adopt 
some simple but yet consistent criterion for comparison of model predictions and the experimental measurements. Thus, the soot 
concentration in the most sooting computational cell located within the scattering measurement volume was used as a reference for 
comparison with the experimental data. The results of this comparison are presented in Figure 5. Although the timing of soot 
appearance is somewhat overpredicted by the model, the agreement for soot volume fraction appears to be reasonably good in terms of 
the absolute magnitude and the overall shape of the curve. The agreement for the particle number density and particle size is worse, 
but still reasonable considering the fact that the optical methods are normally biased towards larger particles, which tends to 
overestimate the particle size and underestimate the number density. It should be pointed out that the search for better agreement via 
better model calibration or adjustment of the probe location within the reasonable range was not pursued due to the proximity of this 
comparison discussed above. As can be seen from the contour plots illustrating the migration of soot particle cloud, also shown in 
Fig. 5, the observed temporal maximum in soot volume fraction is mainly caused by the motion of soot particles in and out of the 
optical probe, as was hypothesized by Tree and Foster [43, 44] 

To gain the understanding of the model predictions in terms of the conceptual picture of soot formation and oxidation in an 
engine, a more detailed analysis of the computational results has been performed. 
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According to the model, the autoignition occurs near the initial portion of the spray at about -16.5 degrees ATDC (Fig. 6, 
c). Analysis of the conditions prior to the ignition indicates that the ignition takes place close to the center of a vortex 
formed between the fuel spray and the cylinder head (Fig. 6, a,b). The promoting effect of the vortex on the autoignition 
can be viewed in several ways. First of all, the vortex improves mixing and, therefore, helps in preparation of ignitable 
mixture. In addition, by supplying the fresh air heated during compression, it prevents the decrease in the mixture 
temperature caused by intensive fuel vaporization. Finally, one can also speculate that the center of the vortex is a good 
candidate for the ignition location since, due to low strain rate, the radical pool there would keep accumulating and would 
not be destroyed by transport processes. 

Additional zero-dimensional calculations performed in the course of the present study indicated that the Shell autoignition 
model, as implemented in the ERC version of KIVA-II, predicts that moderately rich homogenous mixture would have a 
shorter ignition delay at typical engine conditions as compared to stoichiometric and lean mixtures. This result is 
consistent with the recent observations of high-pressure n-heptane ignition in a shock tube [48, 49]. Yet, the equivalence 
ratio of the igniting computational cell was about 0.2 in the present engine simulations, i.e., the ignition took place at 
extremely fuel-lean conditions. This seemingly controversial result is explained by the fact that, according to the present 
model, the autoignition conditions are mainly determined by processes of local mass and heat transfer rather than 
homogenous chemical kinetics. The conclusion regarding the decisive influence of transport processes on the 
autoignition has been also reached by Wan et al. [16] based on the KIVA calculations with detailed chemical kinetics 
incorporated using the flamelet approach. This result contradicts the suggestion of Dec [50] that combustion in a similar 
engine initially occurs exclusively at fuel-rich conditions. 

However, it is not clear whether this disagreement is caused by the misrepresentation of the actual ignition process by the simplified 
Shell kinetics [34] used in the present model or the differences in the experimental conditions of Tree and Foster [43,44] and Dec [50] 
who used a different injection system, Cummins CELECT. 

Furthermore, the comparison to Dec's work could be misleading since his autoignition event is not well defined. Dec notes 
observing the first chemiluminescence upstream of the liquid jet before the formation of rich mixture on the tip of the liquid 
jet. The simulation would classify such an occurrence as autoignition. Hence, the model predictions may not be 
contradictory to the experimental results. 

Further development of the spray flame and initial soot formation is presented in Fig. 7. As can be seen, the spray flame 
appears to be essentially transient in its nature. Upon ignition, the flame propagates along the spray periphery, reaches 
the tip of the liquid spray and forms a three-dimensional structure that looks like a wine glass with a long stem, with the 
highest temperatures observed around the "neck" that connects the "stem" with the "cup". Inside the "stem" formed by a 
diffusion flame around the spray periphery, intensive droplet evaporation and formation of fuel-rich mixture takes place. 
Then, this mixture passes through the high-temperature "neck" and enters inside the flame "cup". Intensive soot formation 
started inside the observed "stem" continues in the "cup" supported by a heat flux from the "cup" walls. As the process 
develops even further and the flame propagates closer to the piston bowl, the "cup" walls expand and finally connect 
together surrounding the soot-forming contents of the "cup" and reinitiating soot growth at the leading edge of soot cloud. 
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Figure 5: Comparison of measured and predicted soot particle properties.  The sequence of contour plots on the top illustrates the 
movement of soot particle cloud. 
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Figure 6: Contour plots showing the conditions before (a-b) and after (c) autoignition. (a) spray distribution; (b) flow velocity, and (c) 
temperature. 

We note that the model does not predict the existence of a rich premixed flame on the tip of the liquid spray as suggested 
by Dec [50]. It predicts that fuel-lean and near-stoichiometric regions always dominate the heat release in the system. 
Nevertheless, the images shown in Fig. 7 reveal a qualitative similarity with the experimental observations [50]. In 
particular, the initial location of the soot cloud and its temporal evolution are very similar to the schematic pictures derived 
from laser-sheet image analysis [50]. The principal difference between the present computational results and the 
interpretation of the experimental observations reported by Dec is the existence of the diffusion flame around the spray 
periphery ("stem-cup" structure) predicted by the model. In Ref. 50, it was suggested that the diffusion flame develops at 
a later stage of the process following the period of rich nearly premixed combustion. 

Further development of soot cloud can be seen from the contour plots on the top of in Fig. 5. After the bowl wall 
impingement, the soot cloud follows the flow around the cylinder outline while undergoing a continuous oxidation. The 
final soot "survival" occurs in the low-temperature regions close to the cylinder head. To illustrate the overall history of 
soot formation and destruction during the engine cycle, a cumulative soot mass probability density function with respect to 
the temperature and the equivalence ratio, <j>, was derived in a fashion explained below. The detailed computational 
outputs at each crank angle were analyzed and non-normalized soot mass distributions in the cylinder with respect to the 
temperature and the equivalence ratio were obtained. Then, the individual distributions were summed and the cumulative 
mass-time distribution was obtained. The result of this procedure is presented in Fig. 8. As can be seen, the soot 
occurrence is localized within a rather complex-shaped region. The region is divided in two parts connected with a 
relatively narrow "corridor". The first part represents a distorted triangle confined between the temperatures of about 
1500-3000 K and the equivalence ratios of 0.6 to 7. Most of soot formation appears to be in a relatively narrow region of 
the triangle, at the temperatures of about 2100-2400 K and equivalence ratios of 1.5 to 2. The boundaries of the triangle 
can be interpreted as follows. The bottom boundary is an "oxidation" limit, i.e., below this line, the equivalence ratio is so 
low that soot gets completely oxidized. Outside the left boundary, the soot formation is thermally-limited, i.e., the rates of 
soot formation are not fast enough to produce significant amounts of soot even at high equivalence ratios. Finally, the 
right boundary of the triangle is a thermodynamic limit which mainly reflects the dependence of adiabatic flame 
temperature upon the equivalence ratio. In other words, although high-equivalence-ratio and high-temperature conditions 
outside this boundary represent a perfect environment for soot formation and growth, such conditions simply are not 
encountered during the engine cycle. The top corner of the triangle is a region where soot survives oxidation by entering 
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fuel-rich regions, however, this survival is only temporary since these regions will eventually be destroyed by mixing. The 
ultimate soot survival takes place in the second part of soot occurrence region located in the bottom left corner of Fig. 8. 
Equivalence ratios in this region are extremely small, however, the temperatures are so low that soot oxidation becomes 
insignificant. Physically, such conditions are realized in the vicinity of the cylinder walls at the end of the cycle. 

SUMMARY AND CONCLUSIONS 

Phenomenological model of soot formation and oxidation presented in the present work was shown to predict reasonably 
well the in-cylinder soot concentration, particle number density, and particle size measured experimentally in a Cummins 
NH-series heavy-duty Diesel engine. In addition, the qualitative conceptual picture of soot formation derived from the 
present computational results appear to be consistent with in-cylinder laser-sheet image analysis reported for a similar 
engine [50]. The computational model does not predict the existence of a rich premixed flame being responsible for the 
initial heat release and soot formation as suggested by Dec [50]. Instead, the results indicate a transient development of 
the diffusion flame structure around the spray periphery and close to spray tip, which leads to the spatial and temporal 
history of soot particle cloud consistent with the actual experimental observations. Analysis of the model predictions 
shows that the majority of soot mass during the cycle is formed under relatively narrow range of conditions, i. e., at about 
2200-2400 K and the equivalence ratios of 1.5-2. The ultimate survival of soot at the end of the cycle occurs close to the 
cylinder head at extremely fuel-lean conditions with below 0.5 and low temperatures around 1000 K, which prohibits 
further oxidation. 
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DIESEL COMBUSTION MODELING 

The goal of Project 3: Diesel Combustion Modeling was to develop and test a flamelet based combustion 
model for diesel engines. In flamelet combustion models, chemistry and kinetic effects are decoupled from 
turbulence effects. This can make modeling easier and permits the use of stronger theoretical foundations. 

Overall, the project has been very successful. Physically motivated flamelet combustion models have been 
implemented and tested with a variety of engine data. The comparison with engine data is very good and 
the model provides additional detailed information that was not available in previous models. In addition, 
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the flamelet approach is configured to take advantage of new large eddy simulation (LES) turbulence 
models currently under development. 

The work proceeded in two phases. In the first phase, a general procedure for adapting flamelet approaches 
for diesel engines was developed. The second phase of the project has focused on refining the flamelet 
model, primarily in terms of adding additional chemical kinetics effects. 

Developing and implementing a flamelet combustion model for diesel engine applications required several 
innovative modeling strategies. This was due to the complex nature of diesel combustion which has three 
distinct phases: ignition, premixed combustion and diffusion combustion. The important physical processes 
in each phase were defined and modeled as directly as possible. Also, two transition steps were required to 
model the progression of combustion between each of the three phases. 

The ignition or low temperature combustion phase was modeled using the multi-kinetic step Shell ignition 
model (Kong and Reitz, 1993). The transition to high temperature, premixed combustion was accomplished 
using criteria based on local temperatures and heat release rates. The high temperature premixed 
combustion was modeled using a global Arrhenius equation for the reaction rate. This was later improved 
in the second phase of the project. 

The transition from premixed combustion to mixing limited diffusion combustion was based on a local 
critical Damkohler number. The Damkohler number relates flow mixing time to chemical reaction time and 
is the proper choice of transition to mixing controlled combustion. The diffusion combustion phase was 
modeled using a flamelet approach based on the coherent flamelet concepts (Marble and Broadwell, 1977, 
and Candel, et al., 1988). This approach uses the concept of flame sheets represented by a flame area per 
unit volume variable called 2. The flame area is transported by fluid turbulence, is increased by fluid 
stretching and flame propagation, and is decreased by fuel depletion and extinction processes. 

Several aspects of diesel combustion required extra attention in implementing the flamelet model. Since 
fuel vapor comes from evaporating spray drops, the sub-grid processes in a given computational cell can 
become fairly complex. The fuel evaporation can occur in either a premixed or diffusion burning cell. This 
required keeping track of premixed fuel vapor as separate from fuel vapor which is not premixed and will 
burn in a diffusion combustion mode. Another complexity is that the diffusion flame effectively separates 
the cell into an oxidizer side and a fuel side. The distribution of inerts on each side was found to have some 
effect on the results so an inerts transport was also added. This was later found to be less important than 
other processes that were improved in the second phase of the project. 

The coherent flamelet modeling approach is able to reproduce the characteristic features of diesel engine 
combustion, including the ignition delay, the short, rapid premixed combustion phase, and the longer 
diffusion combustion phase (Musculus and Rutland, 1995). The sensitivity of the combustion events to 
several of the model parameters was examined and the results were used to pick the optimum settings for 
the model. The 2 production parameter and destruction parameter had similar effects on the location of the 
peak pressure. It was also found that the proper rate of strain for determining flame production by stretch 
lies somewhere between the large and small scale turbulent strains. The effects of the strain due to the mean 
flow strain were minimal. 

Experiments on a Caterpillar model E 300, # 1Y0540 engine, a Tacom LABECO research engine, and a 
single cylinder version of a Cummins N14 production engine were used to validate the predictions of the 
initial phase of the model. For example, Figure 1 shows a comparison of the heat release from the model 
with the data from the Tacom engine. The agreement is reasonable for the first phase of the model. More 
importantly, the figure shows the additional detail concerning the type of combustion that is now captured 
by the model. 

The model was also studied by examining the spatial resolution of the results inside the engine cylinder. 
The location and magnitude of modeled heat releases, flame areas, and equivalence ratios were found to be 
realistic although no data is available for direct comparison. For example, it was found that the diffusion' 
burn heat release and flame area density were largest in an envelope around the spray (see Figure 2). 
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Figure 1: The ignition, high temperature kinetics (premixed), and diffusion burn 
components of the computational heat release and the measured heat 

release for the Tacom engine. 

Figure 2: Contours of the diffusion flame heat release rate at a crank angle of +10 

for the Tacom engine 

In the second phase of the project, improvements to components of the model were undertaken. Initial 
plans called for including a flame curvature parameter that would provide an extra length scale for mixing. 
Preliminary analysis indicated that this would not be as useful as improvements to other parts of the model. 
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The first improvement was to isolate the premixed fuel to the oxidizer side of a computational cell in those 
cases in which both premixed fuel and non-premixed fuel exist at the same time. This was found to 
improve the transition from premixed to diffusion combustion by making the differences in heat release 
rates less severe. 

The next improvement was to change the underlying fuel consumption kinetics from a single step reaction 
to a two step reaction based on the following chemical steps: 

CuH30+l4.5O2=>\4CO + \5H2O (l) 

CO + 0.5O2 =>C02 (2) 

The first step is the primary fuel conversion and the second step is CO oxidation. These two steps are used 
in the premixed phase of combustion which is still based on a time scale rate term. Separation into these 
two steps turns out to be very important because of the very different kinetic time scales involved. The fuel 
density in equation (1) is the density of premixed fuel, which is determined by a transport equation. The 
transport equation contains source terms due to fuel-air mixing and combustion. 

The third improvement involves the diffusion combustion phase. The reaction rate and mixing are still 
determined using the E equation. However, now this is used for reaction step (1) where CO and H20 are 
the products. In the diffusion flame, the CO oxidation in reaction step (2) is modeled more like a partially 
stirred reacting and a mixing time scale. The Z model for diffusion combustion is used when the 
Damköhler number is large and the kinetic rates for the fuel conversion are much faster than the mixing 
rates. Therefore the conversion of fuel to CO and H20.is assumed to be mixing limited. The kinetics of 
the CO oxidation are slower than the kinetics for the fuel conversion, therefore the CO oxidation is not 
assumed to be mixing limited. 

Calculations using the improved coherent flamelet model were compared with data from the Sandia 
National Laboratories heavy duty diesel engine. This engine is based on a Cummins N14 with 
modifications for extensive optical access and instrumentation. The comparison between the measured and 
simulated cylinder pressure and heat release rates are shown in Figure 3. In general, there is very good 
agreement between the simulations and the flamelet model. The peak pressure magnitude and timing match 
very well. The premixed combustion spike and the main diffusion combustion phase are also captured very 
well by the model. 
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