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ABSTRACT: Combustion and emission characteristics of compression ignition engines strongly depend upon inner-nozzle flow 
and spray behavior. These processes control the fuel-air mixing, which in turn is critical for the combustion process. Previous 
studies by us highlighted the differences in the physical and chemical properties of petrodiesel and biodiesel, which significantly 
altered the inner-nozzle flow and spray structure. The current study is another step in this direction to gain a fundamental 
understanding on the influence of fuel properties on the combustion and emission characteristics of the compression ignition 
engine. n-Heptane and methyl butanoate were selected as surrogates for diesel and biodiesel fuels, respectively, because the 
chemical kinetic pathways were well-understood. Liquid length and flame lift-off length for diesel and biodiesel fuels were 
validated against data available in the literature. Liquid lengths were always higher for biodiesel because of its higher heat of 
vaporization, which resulted in increased interplay between spray and combustion processes under all conditions investigated. 
Ambient air entrainment was also lower for biodiesel mainly because of slower atomization and breakup. The mechanism for 
flame stabilization is further analyzed by estimating the turbulent burning velocity for both of the fuels. This analysis revealed that 
neither flame propagation nor isolated ignition kernels upstream and detached from high-temperature regions can be the 
mechanism for flame stabilization. Flame propagation speeds were observed to be similar for both fuels. Biodiesel predicted lower 
soot concentrations, which were also reflected in reduced C2H2 mole fractions. Although prompt NOx was higher for biodiesel, 
total NOx was lower because of reduced thermal NOx. The ignition delay and NOx emissions predicted by these simulations do 
not agree with trends reported in the literature; hence, this study highlights the need for better fuel surrogates for diesel and 
biodiesel fuels. 

1. INTRODUCTION 

Energy security and environmental concerns have stimulated 
worldwide interest in biologically derived alternative fuels. 
Biodiesel presents a lucrative alternative, particularly for com­
pression ignition (CI) engines, because it is a renewable energy 
source that can be used in these engines without significant 
changes in their design. Modern CI engines can operate with a 
5-10% addition of biodiesel by volume, without any loss in 
performance. Thus, even using biodiesel as an additive can 
prolong the use of petrodiesel. Biodiesel can be produced 
from a variety of feedstocks, generally through the transester­
ification process using an alcohol. There have been several 
experimental studies on the combustion and emission char­
acteristics of biodiesel and bio-/petrodiesel blends.1-5 These 
studies have concluded that biodiesel is environmentally 
cleaner than petrodiesel (also know as “diesel”) with  respect  
to unburnt hydrocarbon (UHC), particulate matter (PM), 
CO, CO2, and sulfur oxide emissions. In addition, biodiesel 
also improves the cetane number (CN) and lubrication char­
acteristics. Major drawbacks of biodiesel include increased 
NOx production, unfavorable cold-flow properties, and lower 
energy content. 

Further use of biodiesel for CI engine applications can be 
facilitated by better understanding of its autoignition and emis­
sion characteristics. Biodiesel from any feedstock (e.g., soy, 
rapeseed, tallow, etc.) consists of long-chain oxygenated com­
pounds, such as methyl palmitate, methyl stearate, methyl oleate, 

ignition delay experiments were performed by Vaughn et al.6 

using different methyl esters, and results were compared against 
soy biodiesel. Methyl decanoate showed a shorter ignition delay, 
while methyl oleate captured the ignition delay times accurately 
compared to biodiesel. The kinetics of oxidation of rapeseed 
methyl ester (RME) were studied using a jet-stirred reactor (JSR), 
and intermediate species, stable product concentrations were 
measured.7Because the chemical kinetics of biodiesel compo­
nents are rather complex, surrogates, such as methyl butanoate 
(MB),8 methyl heptanoate, methyl decanoate,9 methyl oleate,10 

etc., have been studied in shock-tube, rapid-compression ma­
chines and with a JSR to understand the influence of ambient 
conditions, such as temperature, pressure, and the equivalence 
ratio, on the chemical ignition delay times. 

Detailed combustion simulations of biodiesel can be per­
formed with reliable reduced mechanisms for biodiesel surro­
gates. Although several surrogate fuels for biodiesel have been 
proposed, the lack of reduced mechanisms inhibits their use for 
CI engine modeling. Brakora et al.11 developed a reduced 
mechanism using MB as a surrogate for biodiesel, which consists 
of 41 species and 150 reactions. While performing CI engine 
simulations using KIVA, they assumed that the injection char­
acteristics would be similar for diesel and biodiesel fuels, which 
may not be an accurate assumption. The mechanism successfully 
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predicted ignition timing, pressure, and heat-release-rate char­
acteristics. Using the same biodiesel surrogate, Ra et al.12 per­
formed parametric studies to investigate the effects of various 
physical properties on combustion characteristics. They ob­
served that the results were most sensitive to liquid density, 
vapor pressure, and surface tension. Golovitchev and Yang13 

developed a kinetic model for RME with MB as a surrogate fuel. 
The reduced mechanism consisted of 88 species and 363 
reactions and was validated against shock-tube and flame speed 
data. CI engine simulations were also performed. Um and Park14 

developed a kinetic model for biodiesel derived from rice oil with 
a mixture of MB and n-heptane (NHPT) as a surrogate. Simula­
tions captured the CO and hydrocarbon (HC) emissions well for 
different blends of diesel and biodiesel. However, NOx emissions 
were not accurately predicted. 

The literature search identified relatively few studies dealing 
with fundamental combustion and emission characteristics of 
biodiesel fuels. These characteristics of a conventional CI engine 
are strongly coupled with the flame lift-off behavior, as demon­
strated by several previous studies.15-20 While the flame lift-off 
characteristics of diesel fuel and its surrogates (such as NHPT) 
have been investigated in great detail, only recently, the lift-off 
characteristics of biodiesel fuel (soy methyl ester) were investi­
gated by Lee and co-workers21 and Mueller et al.22 Lee and co­
workers21 measured flame lift-off in a constant volume combus­
tion vessel with optical access ports and observed that lift-off 
length of biodiesel was higher than that of diesel 2 fuel. They 
also observed significant reduction of soot for biodiesel fuel. 
Mueller et al.22 measured flame lift-off lengths in a single-
cylinder engine with optical access and observed that lift-off 
length of a diesel-like fuel (with a CN of 45) was marginally higher 
than that of biodiesel. 

Previous studies by Som et al.23 have identified the differences 
in inner-nozzle flow, as well as non-evaporating and evaporating 
spray characteristics of diesel and biodiesel fuels using computa­
tional tools. The current work extends previous studies under 
non-reacting conditions by including detailed kinetic models for 
the oxidation of these fuels along with emission models for soot 
and NOx formation. The major objective of the present study is 
to quantify differences between the combustion and emission 
characteristics of diesel and biodiesel fuels. Because there are 
significant differences in the thermo-transport and chemical 
properties of these fuels, the combustion and emission charac­
teristics of biodiesel can be expected to differ from those of diesel. 
Detailed two-phase-flow simulations were performed in an 
engine modeling software, CONVERGE,24-26 to examine the 
combustion and emission characteristics of diesel and biodiesel 
fuels under diesel engine conditions. 

The difference in NOx emission characteristics of diesel and 
biodiesel has recently been investigated.22,27 Mueller et al.22 

summarized different reasons for the NOx increase with biodiesel 
under various engine conditions. The reasons include fluid dy­
namics effects, such as higher residence time inside the combus­
tion chamber for biodiesel, chemical kinetic pathways, such as an 
increase in prompt NOx because of higher concentrations of CH 
for biodiesel fuel, and the radiative heat-transfer effect. The 
oxidation chemistry of various surrogates used in CI engines to 
model diesel and biodiesel fuels may also influence the NOx 

emission characteristics. This aspect is further analyzed in this 
study. Also, to isolate the influence of fluid dynamics and 
radiative heat transfer from chemical kinetics of NOx formation, 
ignition and flame simulations were performed in CHEMKIN 

Table 1. Comparison of Nozzle Exit Conditions for Diesel 
and Soy Biodiesel 

property diesel biodiesel 

total mass injected (mg) 17.706 15.940 

discharge coefficient (Cd) 0.64 0.62 

area coefficient (Ca) 0.91|0.91 1|1 

turbulent kinetic energy (TKE) (m2/s2) 2500 2200 

turbulent dissipation rate (TDR) (m2/s3) 4.23 X 109 3.24 X 109 

software,28 which is an industry standard tool for studying the 
gas-phase chemical kinetic behavior of different fuels. 

2. COMPUTATIONAL PHYSICAL MODEL 

2.1. Zero-Dimensional (0D) and One-Dimensional (1D) 
Combustion Simulations. The simulations in simplified combus­
tion systems, such as 0D and 1D reactors, are performed in CHEMKIN 
software.28 Gas-phase autoignition delay at different equivalence ratios, 
ambient pressures, and ambient temperatures for diesel and biodiesel 
fuel surrogates are calculated using the perfectly stirred reactor (PSR) 
application. Laminar burning velocities of these surrogates are predicted 
using the PREMIX application.29 Diffusion flame simulations are per­
formed using the OPPDIF application.30 The grid independence of the 
1D results was achieved using adaptive regridding to resolve the struc­
ture of the reaction zone. 
2.2. Three-Dimensional (3D) Combustion Simulations. 

Fuel spray and combustion simulations were performed using the 
Eulerian-Lagrangian approach in the computational fluid dynamics 
(CFD) software CONVERGE.24-26 It incorporates state-of-the-art models 
for spray injection, atomization and breakup, turbulence, droplet colli­
sion, and coalescence. The gas-phase flow field is described using the 
Favre-averaged Navier-Stokes equations in conjunction with the reno­
rmalization group theory (RNG) k-ε turbulence model, which includes 
source terms for the effects of the dispersed phase on gas-phase 
turbulence. These equations are solved using a finite volume solver. The 
details of these models can be found in previous publications;19,25,26,32 

therefore, only a brief description is provided here. 
In our previous studies,23 significant differences between the injector 

flow characteristics of biodiesel and diesel fuels were observed. A 
cylindrical nozzle orifice with an orifice diameter of 169 μm and 
length/diameter ratio of 4.2 was employed. In particular, the cavitation 
(represented by area coefficient, Ca) and turbulence levels were lower for 
biodiesel compared to those for diesel, and this was attributed to the 
lower vapor pressure and higher viscosity of biodiesel. In addition, the 
injection velocity, discharge coefficient, and mass flow rate predicted by 
simulations were lower for biodiesel (cf. Table 1), because of its higher 
viscosity. This is consistent with experimental observations by Miers 
et al.31 A coupling approach was developed to account for the influence 
of inner-nozzle flow effects on spray and combustion simulations. After 
injection, the liquid breakup was simulated using primary Kelvin-
Helmholtz-aerodynamics cavitation turbulence (KH-ACT) and sec­
ondary Kelvin-Helmholtz-Rayleigh-Taylor (KH-RT) breakup mod­
els. Details of the KH-ACT primary breakup model and coupling 
developed and validated by our group are provided in refs 32-34. The 
KH-ACT model captures the effects of cavitation and turbulence on 
primary breakup, in addition to aerodynamic breakup. Biodiesel ex­
hibited poor atomization characteristics compared to diesel; the spray 
penetration and Sauter mean diameter (SMD) were higher, while 
dispersion and cone angle were smaller for biodiesel, consistent with 
experimental trends reported in the literature. These experimental 
trends could not be accurately captured by the Kelvin-Helmholtz 
(KH) primary breakup model, but they were captured by the KH-ACT 
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Figure 2. (a) Measured45 and predicted spray structures for diesel and 
biodiesel at an ambient temperature of 1000 K. (b) Measured20 and 
predicted flame lift-off lengths versus ambient temperature for diesel and 
biodiesel fuels. 

Figure 1. Grid generated in CONVERGE at different times during the 
simulation for combusting sprays described in Table 2. The field of view 
in axial and radial direction is about 110 and 65 mm, respectively. 

model, thus demonstrating the effectiveness of the latter in predicting 
the primary breakup phenomenon. 

The KH and Rayleigh-Taylor (RT) models are used to predict the 
subsequent secondary droplet breakup.35,36 Droplet collisions are based 
on the no time counter (NTC) algorithm.37 Once collision occurs, the 
outcomes of the collision are predicted as bouncing, stretching, reflex­
ively separating, or coalescing.38 A droplet evaporation model based on 
the Frossling correlation is used.32 A dynamic drag model is used that 
postulates that the drag coefficient depends upon the shape of the 
droplet, which can vary between a sphere and a disk. An initially spherical 
droplet distorts significantly when the Weber number is large. The drag 
coefficient for a disk is significantly higher than that for a sphere. This 
dynamic drag model accounts for the effects of drop distortion, varying 
linearly between the drag of a sphere and a disk.39 The effects of tur­
bulence on the droplet are also included, using a turbulent disper­
sion model. 

Detailed kinetic modeling is performed using the SAGE chemical 
kinetic solver24,26 and is directly coupled with the gas-phase calculations 
using a well-stirred reactor model. NHPT is used as a surrogate for diesel 
fuel, while a mixture of MB and NHPT is used as a surrogate for soy 
biodiesel fuel. The NHPT mechanism was developed at Chalmers 
University40 and consists of 42 species and 168 reactions. The reduced 
mechanism for biodiesel combustion11 is comprised of 33% MB and 
67% NHPT and consists of 41 species and 150 reactions. To examine the 
NOx emission characteristics, a reduced NOx model41 from the GRI-3.0 
mechanism42 was incorporated into the NHPT and biodiesel mechan­
isms. This NOx chemistry model has been previously validated against 
flame measurements at different conditions.43 A few hundred elemen­
tary-gas-phase reactions are involved in the formation of NOx, which can 
be formed or destroyed by at least five separate reaction processes.44 

They are classified as thermal, prompt, N2O, NNH, and reburn routes. 
Under CI engine conditions, the NOx formation mainly occurs through 
thermal, prompt, and N2O routes,45 which are investigated further. The 
soot mass production within a computation cell is determined from a 
single-step competition between formation and oxidation rates of C2H2 

species based on the Hiroyasu model.26,32 This soot model has been 
extensively used in engine-modeling literature.19,24,32,49 

CONVERGE uses an innovative, modified cut-cell Cartesian method 
for grid generation. The grid is generated internally to the code at 
runtime. For all cases, the base grid size was fixed at 4 mm. To resolve the 

flow near the injector, a fixed grid embedding is employed such that the 
minimum grid size is 0.5 mm based on a previous study.46 As discussed in 
the cited and many other studies, spray simulations using a Euler­
ain-Lagrangian approach are not grid-independent because of the fun­
damental assumption of the liquid volume fraction being much smaller 
than the cell volume. Reducing the grid size below a certain value (0.4 
mm in the present study) makes this assumption questionable and may 
also lead to convergence difficulties. The spray penetration is over-
predicted on a coarse grid and underpredicted on a fine grid.47 Hence, an 
optimum grid size was identified, which resulted in a reasonable com­
putational time and yielded good agreement with measurements. More­
over, this is a standard approach employed for engine combustion 
simulations.48,49 Apart from this region, it is rather difficult to determine 
a priori where a refined grid is needed. Hence, three levels of adaptive 
mesh refinement are employed for the velocity field, such that the 
minimum grid size is 0.5 mm. To match the combustion chamber 
geometry used in the experimental study,21 a cylindrical geometry of 65 
mm in diameter and 110 mm in length is generated (cf. Figure 1). The 
temperature-dependent fuel properties of diesel and soy biodiesel, such 
as density, kinematic viscosity, surface tension, vapor pressure, heat of 
vaporization, and specific heat, were obtained from Ra et al.12 

3. RESULTS AND DISCUSSION 

3.1. Validation. Extensive validations of 3D evaporating and 
combusting spray simulations for diesel fuel have been reported 
in our previous studies.19,32 Soot model validation against planar 
laser-induced incandescence (PLII) data from Sandia National 
Laboratory has also been performed.32 The current validation 
effort focuses on liquid and lift-off length validation for biodiesel 
fuel. Figure 2a presents a comparison of the measured50 and 
predicted spray structures for diesel and soy biodiesel at an ambi­
ent temperature of 1000 K, ambient density of 14.8 kg/m3, orifice 

1375 dx.doi.org/10.1021/ef101438u |Energy Fuels 2011, 25, 1373–1386

http:performed.32
http:study.46
http:processes.44
http:conditions.43
http:coalescing.38
http:algorithm.37


Energy & Fuels ARTICLE

Figure 3. (a) Heat of vaporization versus temperature. (b) Distillation 
curves for diesel (diesel fuel 2) and soy biodiesel fuels. 

diameter of 246 μm, injection pressure of 142 MPa, and an 
injection duration of 5 ms. The measured spray structure is 
presented in terms of the superimposed Mie and Schlieren 
images, while the predicted structure is in terms of the droplet 
parcel locations during the quasi-steady period [i.e., at 2.0 ms 
from start of injection (SOI)]. The field of view in the axial and 
radial directions is 50 and 15 mm, respectively. The maximum liquid 
phase fuel penetration (defined by an axial position that encom­
passes 97% of the injected fuel mass at a given time instant from the 
start of injection) is called the liquid length. Liquid penetration is an 
important parameter for diesel combustion because overpenetration 
can result in spray wall impingement, while underpenetration can 
result in underutilization of ambient air. The predictions reproduce 
the experimental trend in terms of the higher liquid penetration for 
biodiesel compared to diesel. Higher liquid length for biodiesel 
compared to that of diesel can be mainly attributed to two reasons: 
(1) The distillation curve and heat of vaporization of biodiesel is 
higher, as shown in Figure 3. Biodiesel vaporizes at higher tempera­
tures; thus, more energy needs to be supplied. This results in higher 
volatility with biodiesel and, hence, higher liquid penetration 
lengths. This is the main reason because spray vaporization is 
mixing-controlled under CI engine conditions. (2) There is a 
reduced breakup because of a lower amount of cavitation and 
turbulence at the nozzle exit. Lesser breakup results in larger 
droplets carrying greater momentum and, thus, penetrating further. 
If spray breakup characteristics were more important, the differences 
in non-evaporating spray penetration characteristics between diesel 
and biodiesel would be larger. This is not the case, as seen from our 
previous publications.23 

Table 2. Range of Conditions for Combusting Spray 
Experiments Performed by Wu et al.22 

parameter quantity 

injection system common rail
 

number of orifices
 6 

nozzle type valve-covered orifice (VCO) 

orifice diameter (μm) 145 

injection pressure (bar) 1340
 

injection quantity (mm3) 20 per orifice
 

chamber density (kg/m3)  15 
  

1000-1200
 
chamber temperature (K)
 

base case: T = 1000 K
 

ambient O2 concentration (%) 21
 

fuel temperature (K) 353
 

injection duration (ms) 3.5
 

Figure 2b presents a comparison of the measured21 and 
predicted flame lift-off lengths for diesel and biodiesel fuels at 
different ambient temperature conditions, tabulated in Table 2. 
In simulations, the flame lift-off length is determined by the 
farthest upstream location of the 2200 K temperature contour 
from the point of injection (POI). This is relatively easy to cal­
culate because temperature gradients are strong near the flame 
surface. Thus, liquid length is a global parameter for the atom­
ization and vaporization behavior, whereas the lift-off length is 
used to represent the combustion behavior. An increase in the 
ambient temperature (keeping ambient density constant) results 
in lowering of the flame lift-off length because of an increase in 
flame reactivity, which moves the ignition and flame stabilization 
locations upstream. The measured lift-off length is marginally 
higher for biodiesel compared to diesel. Simulations are able to 
capture the flame lift-off characteristics of these fuels very well. It 
is interesting to note that the simulations underpredict lift-off 
length for biodiesel and overpredict lift-off length for diesel fuel, 
especially at higher ambient temperatures. However, these dif­
ferences between experiments and simulations are well within 
the uncertainty of the measurements. Hence, further analysis is 
performed to gain insight about the ignition and flame stabiliza­
tion characteristics of biodiesel compared to that of diesel. 
3.2. Ignition and Flame Stabilization Characteristics. 

Figure 4a presents liquid and lift-off lengths for diesel and bio­
diesel versus time from SOI for the simulated cases described in 
the context of Figure 2b and tabulated in Table 2, at an ambient 
temperature of 1000 K. Liquid penetration is seen to increase to a 
certain value and then stabilize at about 0.5 ms from SOI. The 
liquid length is established at a location where the fuel-injection 
rate balances the fuel-evaporation rate.51 The fluctuations in the 
liquid length of both fuels are turbulence-induced. The liquid 
length for biodiesel is about 8-9 mm higher than that of diesel 
under the conditions investigated, which is consistent with results 
reported earlier in this study (cf. Figure 2a). The flame is estab­
lished upstream of the liquid length, then is seen to move 
downstream toward the injector for both the fuels, and stabilizes 
at about 1.75 ms from SOI. It is interesting to note that, for diesel 
fuel (under the conditions investigated), lift-off length is always 
higher than liquid length. However, for biodiesel fuel, lift-off 
length is lower than liquid length after 0.75 ms from SOI. As 
mentioned earlier, the interplay between liquid length and lift-off 
length has important implications for in-cylinder compression 
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Figure 4. (a) Liquid length and flame lift-off length versus time from 
SOI. (b) Computed liquid fuel penetration and temperature contours, 
for diesel and biodiesel fuels corresponding to the base case. 

engine processes. Clearly, for biodiesel, there is more interaction 
between the spray and combustion processes, which is also seen 
in the context of Figure 4b. 
The corresponding computed flame images (including liquid 

and lift-off locations) at representative times are shown in 
Figure 4b. The field of view is 110 X 65 mm in the axial and 
radial directions, respectively. The direction and POI are also 
marked. Because of the axisymmetric nature of the spray and 
combustion processes, images are presented on a cut plane 
through the center of the fuel jet. Liquid fuel is shown with 
green color droplets at 0.1 ms from SOI for both fuels. While the 
penetration is similar for both the fuels, clearly, the spray is 
broader for biodiesel, mainly because of its higher heat of vapor­
ization. The occurrence of ignition is indicated by the appearance 

Figure 5. (a) Temperature and equivalence ratio contours for diesel 
and biodiesel when ignition occurs. Axial ignition location and liquid fuel 
spray (green droplets) are also shown. (b) Temperature and equivalence 
ratio distribution versus transverse position (demarcated in Figure 5a) at 
the axial location of ignition and time for diesel and biodiesel fuels. The 
spray axis is also shown. 

of two flame kernels downstream of the liquid fuel at 0.5 ms after 
SOI. The flame is asymmetrical about the spray axis and is more 
developed for diesel fuel. The asymmetry is attributed to an 
insufficient number of spray parcels residing in the domain, 
especially at 0.5 ms after SOI. This is mainly due to enhanced 
breakup, owing to a higher amount of inner nozzle cavitation and 
turbulence (cf. Table 1) for diesel fuel. The difference in the 
ignition delay of both fuels is further investigated in detail in the 
following text. 
As the flame front develops and propagates downstream, the 

ignition location (base of the flame) seemingly moves upstream, 
as indicated in t = 1.0 and 2.0 ms plots. The flame base is 
stabilized at about 1.5 ms after SOI at the lift-off length, which is 
marked by the white solid line. The established liquid length for 
both of the fuels is also shown at 1 ms, marked by white dashed 
lines. After 3 ms from SOI, the flame front is seen to reach the end 
wall of the combustion chamber. More importantly, the spray 
flame interaction shown by the liquid fuel droplets entering the 
high-temperature combustion regions, i.e., the lift-off length 
being shorter than the liquid length, is clearly seen. This aspect 
is also further analyzed at higher ambient temperature conditions 
in the next section. 
In Figure 5, the ignition characteristics of diesel and biodiesel 

are studied further. Figure 5a plots the temperature (top) and 
equivalence ratio (bottom) contours at the instant ignition occurs 
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Table 3. Comparison of Physical Properties of Diesel and Soy 
Biodiesel Used in the Simulations 

fuel property diesel biodiesel 

carbon content (wt %) 87 76.74 

hydrogen content (wt %) 13 12.01 

oxygen content (wt %) 0 11.25 

density at 15 °C (kg/m3) 820 885.3 

dynamic viscosity at 40 °C (cP) 1.69 5.626 

surface tension at 25 °C (N/m) 0.0020 0.00296 

vapor pressure at 25 °C (Pa) 1000 1 

for these fuels. The field of view is 110 X 65 mm in the axial and 
radial directions, respectively. The axial location of ignition is 
marked by a dashed white line. Ignition is characterized by cell 
temperatures greater than 1400 K and is seen to occur closer to 
the nozzle orifice for biodiesel (i.e., at 37 mm) compared to diesel 
(44 mm), which is mainly attributed to the oxygen content in 
biodiesel fuel (cf. Table 3). Higher fuel spray penetration for 
biodiesel is also observed in the temperature contours plots, 
which has been discussed in detail earlier. The equivalence ratio 
plot shows lower values for biodiesel fuel, especially in the spray-
core region. This is mainly due to two reasons: (1) The amount 
of biodiesel injected is about 10% less than that of diesel. (2) 
There is less amount of fuel evaporation for biodiesel because of 
its higher heat of vaporization and distillation curves (cf. Figure 3). 
Because the equivalence ratio is calculated on the basis of gas-
phase mole fractions, smaller equivalence ratio values for bio­
diesel are not surprising. It should be noted that the temperature 
of the spray core increases because of entrainment of hot ambient 
air. However, the temperature in the core is not high enough for 
complete evaporation of these fuels. Under compression engine 
conditions, wherein the expansion stroke is modeled, almost 99% 
of the injected fuel evaporates. However, in the current simula­
tions, the injection duration is set equal to the simulation time; 
hence, all of the injected fuel does not evaporate. This fact is 
observed in Figure 4b for both of the fuels because, even at 3 ms 
from SOI (nearing end of injection at 3.5 ms), a significant 
amount of fuel (green droplets) is observed near the spray core 
for both of the fuels. 
Figure 5b plots the temperature and equivalence ratio versus 

transverse position at the instant and location of ignition, i.e., at 
0.43 ms from SOI and 44 mm from POI for diesel and 0.45 ms 
from SOI and 37 mm from POI for biodiesel. The temperature in 
the spray core is lower for biodiesel, which also shows lower 
amounts of ambient air entrainment. This can be directly cor­
related to the fact that lesser spray atomization and breakup has 
been observed for biodiesel by Som et al.23 Enhanced breakup 
ensures smaller droplets, which spread more, and increases air 
entrainment, which is the case with diesel fuel. Ignition locations 
are marked by dashed lines for both of the fuels. Ignition is seen 
to occur in rich mixtures for both of the fuels. The equivalence ratio 
range for ignition is 2.5 e Φ e 3.0 and 1.4 e Φ e 1.8 for diesel and 
biodiesel, respectively. The corresponding oxygen equivalence ratio 
range (ΦΩ) for biodiesel

52 is 1.33 e ΦΩ e 1.63. This highlights the 
need for ignition delay data at richer mixture conditions rather than 
at stoichiometric (Φ = 1) values. Under CI engine conditions, the 
diffusion flame is established at stoichiometric values and may not be 
due to an autoignition mechanism. It should also be noted that fuel-
rich (Φ > 1) chemical kinetics of combustion is different from stoi­
chiometric and fuel-lean (Φ < 1)  kinetics.  

Figure 6. Ignition delay times as a function of the ambient temperature 
for diesel and biodiesel fuels (a) at different equivalence ratios (rich 
conditions) and ambient pressure of 40 atm and (b) at different ambient 
pressures for stoichiometric mixtures. 

The ignition delay times reported in Figure 5a are 0.43 and 
0.45 ms for diesel and biodiesel, respectively. These delay times 
account for both physical and chemical ignition delay. The 
physical delay is influenced by (1) ambient conditions, such as 
density, temperature, velocity, and turbulence, (2) fuel proper­
ties, such as density, viscosity, surface tension, specific heat, heat 
of vaporization, etc., which in turn influences (3) the near nozzle 
atomization and penetration characteristics, along with the spray 
shape. Once an autoignitable fuel-air mixture is formed, for 
ignition to occur, radicals are necessary, which can happen once 
the chemical bonds are broken. Biodiesel has a higher CN and is 
typically between 46 and 52 and 56 and 601 for vegetable-oil- and 
animal-fat-based feedstocks, respectively. The CN for diesel fuel 
in North America is typically in the range of 40-45,1 which 
usually results in higher ignition delay times compared to bio­
diesel. However, the simulations predict that ignition delay times 
are higher for the biodiesel surrogate. It is expected that the 
physical delay is higher for biodiesel because of the slower 
breakup and larger SMD values.23 

The chemical ignition delay characteristics of diesel and 
biodiesel surrogates are further investigated in Figure 6, which 
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Figure 7. (a) Temperature and equivalence ratio contours for diesel and biodiesel fuels at 2 ms from SOI. Flame lift-off length and liquid fuel spray 
(green droplets) are also shown. (b) Temperature and equivalence ratio distribution versus transverse position (demarcated in Figure 7a) at flame lift-off 
location and 2 ms from SOI, for diesel and biodiesel fuels. The spray axis is also shown. 

plots the delay times as a function of the ambient temperature at 
different equivalence ratios and ambient pressure conditions. 
These simulations were performed using the PSR package in 
CHEMKIN software. It is assumed that ignition occurs when T 
g 1400 K. Under all of the conditions investigated, chemical 
ignition delay times were higher for the diesel surrogate com­
pared to biodiesel. In addition, an increase in the equivalence ratio 
or ambient pressure results in lower chemical ignition delay times, 
which is consistent with results reported in the literature.8 While 
the chemical ignition delay times for the fuel surrogates predict 
accurate delay trends, the fact that the expected overall ignition 
delay times are not predicted by the fuel surrogates warrants 
further investigation. The CN for NHPT and MB þ NHPT 
mixtures are approximately 53 and 33, respectively. This suggests 
that improved fuel surrogate mechanisms need to be developed to 
ensure that the CN of surrogate mixtures are closer to the fuel of 
interest. In our recent study,53 the focus was toward development 
of a methyl-decanoate-, methyl-decenoate-, and NHPT-based 
chemical kinetic model for high-temperature flame applications. 
Low-temperature combustion chemistry will be added to this 
mechanism in the future, to perform CI engine simulations. 

Because the CN for methyl decanoate is about 47, it is expected 
to be more representative for biodiesel combustion and ignition. 
Figure 7a plots the temperature (top) and equivalence ratio 

(bottom) contours at 2 ms from SOI for these fuels. The field of 
view is 110 X 65 mm in the axial and radial directions, respec­
tively. The flame lift-off lengths are 17.5 and 19 mm, respectively, 
for diesel and biodiesel. For both of the fuels, the spray and flame 
seem to be fairly symmetrical around the spray axis. The equivalence 
ratio plot again shows higher values for diesel fuel in the spray core 
region, the reasons for which have been explained in the context of 
Figure 7. In our recent study,23 the vapor penetration was plotted 
by showing the equivalence ratio contours at different times from 
SOI for diesel and biodiesel fuels. It was observed that, after 0.5 ms 
from SOI, vapor penetration was higher for biodiesel compared to 
diesel under evaporating but non-combusting conditions. Such 
differences in vapor penetration are not seen here under combust­
ing conditions because the vapor downstream of the liquid spray 
region participates in combustion. Nevertheless, vapor penetration 
is still marginally higher for biodiesel. 
Figure 7b plots the temperature and equivalence ratio versus 

transverse position at the flame lift-off location for diesel (17.5 mm) 
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Figure 8. Gas-phase axial velocity and temperature distribution versus 
transverse position (demarcated in Figure 7a) at the flame lift-off 
location and 2 ms from SOI, for diesel and biodiesel fuels. Black dashed 
lines show transverse location of flame stabilization. 

and biodiesel (19 mm), discussed in the context of Figure 7a. The 
temperature peaks are closer to the spray axis for biodiesel 
because of two reasons: (1) The stoichiometric surface for bio­
diesel occurs at a higher value of the mixture fraction compared 
to diesel fuel54 because of differences in the stoichiometric fuel-
air equivalence ratio (∼1:14.5 and ∼1:12.5 for diesel and bio­
diesel, respectively). This implies that the flame surface and, 
hence, the temperature peaks are closer to the spray axis for 
biodiesel compared to diesel fuel. (2) There is a reduced spray 
breakup for biodiesel. As seen earlier (cf. Figure 5b), the tem­
perature in the spray core is lower for biodiesel because of a lesser 
amount of ambient air entrainment. However, the equivalence 
ratios are significantly lower for biodiesel, especially near the 
spray core, which is again due to a lesser amount of fuel evapora­
tion. At the lift-off location (T g 2200 K), the equivalence ratios 
are close to stoichiometric for both of the fuels, representing a 
diffusion flame. Naber and Siebers55 derived the following corre­
lation to calculate the equivalence ratio at the flame lift-off 
location for diesel fuel:17,18 

_ 30 
φðX Þ ¼ hpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi i ð1Þ _ 21 þ 16X - 1 

where 

_ LfX ¼ ð2Þ 
Xþ 

rffiffiffiffiffi pffiffiffiffiffi
Ff Cad 

Xþ ¼ ð3Þ
F 0:66 tanðθ=2Þa 

where Lf is the flame lift-off length, Ff and Fa are fuel and ambient 
densities, respectively, Ca = 0.91, θ = 12.5°, and d (nozzle 
diameter) = 145 μm. From eqs 1 to 3, the equivalence ratio at 
the axial location of flame lift-off is found to be about 6.4. From 
simulations, the average equivalence ratio in the spray core 
(where T e 1000 K) at the axial position of flame lift-off is 
found to be about 6.3, which is in good agreement with the 
correlations. 

Figure 9. Laminar and turbulent burning velocity versus equivalence 
ratio for diesel and biodiesel surrogates. Data from Huang et al.50 for 
NHPT-air mixture flame speeds is also shown. 

Figures 8 and 9 investigate the flame stabilization character­
istics for diesel and biodiesel fuels. Figure 8 plots the correspond­
ing gas-phase axial velocity and temperature distribution at the 
flame lift-off location for diesel (17.5 mm from POI) and 
biodiesel (19 mm from POI) versus the transverse position 
described in the context of Figure 7a. In the center of the flame, 
the gas-phase axial velocities are higher for diesel, which is due to 
the fact that the liquid phase injection velocities were also 
higher.23 The transverse flame stabilization location is shown 
by dashed black lines. The axial velocity at the flame stabilization 
location seems to be lower for diesel compared to biodiesel. This 
aspect is further investigated in the next paragraph. 
Figure 9 plots the laminar and turbulent burning velocities for 

both of the fuels. The laminar burning velocities were calculated 
using the PREMIX application in CHEMKIN software for 
different mixture compositions. For both of the fuels, the 
reference temperature (Tu,ref) and pressure (Pref) conditions 
were chosen to be 300 K and 1 bar. Experimental burning 
velocity data under these conditions was available from Huang 
et al.,56 for NHPT only. As mentioned earlier, NHPT is used as a 
diesel surrogate, while a mixture of MB and NHPT is used as a 
biodiesel surrogate. There is excellent agreement between the 
simulations and experiments in terms of laminar burning velo­
cities (SL,ref) for NHPT at the reference condition. Although 
difficult to observe here, the laminar burning velocities are about 
1.5 times higher for the biodiesel surrogate. The peak burning 
velocity was at Φ = 1.05 for diesel surrogate and Φ = 1.2 for the 
biodiesel surrogate. The laminar burning velocity (SL) at  differ­
ent temperature (Tu = 1000 K) and pressure (Pu = 40 bar) 
conditions can be estimated on the basis of the correlation by 
Turns57 

!γ 
Tu 

 
Pu 

β 

SL ¼ SL, ref ð1 - 2:1YdilÞ ð4Þ 
Tu, ref Pref

where Ydil is the extent of dilution, which in this case is 0. 

γ ¼ 2:18 - 0:8ðφ - 1Þ ð5Þ
β ¼ - 0:16 þ 0:22ðφ - 1Þ 
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where Φ is the equivalence ratio. The turbulent flame speed can 
then be approximated on the basis of the following correlation:57 

0 2 31 !0:5 0:5 
20u@ 4 5AST ¼ SL 0:5 1  þ 1 þ 8 ð6Þ 

SL 

where u0 is the turbulent velocity fluctuation calculated from the 
turbulent kinetic energy (k) as follows: rffiffiffiffiffiffiffi 

20u ¼ k ð7Þ 
3 

The turbulent kinetic energy values at the flame lift-off location 
were available from the 3D combustion simulations. 
The turbulent burning velocities calculated from eqs 4 to 7 are 

also plotted in Figure 9. The turbulent burning velocities are 
orders of magnitude higher than the laminar values, which is 
expected. The turbulent burning velocity for the biodiesel sur­
rogate is about 2 times greater than that of the diesel surrogate at 
all equivalence ratios. This is due to the fact that the turbulence 
kinetic energy is also higher for biodiesel. According to Peters,58 

the flame lift-off location (under turbulent conditions with gas-jet 
injection) is determined by a balance between the turbulent 
burning velocity and local flow velocity. Hence, it is not surpris­
ing that the turbulent lifted flame is stabilized at higher gas-phase 
velocity values for biodiesel compared to diesel. Because the 
turbulent burning velocity for both of the fuels is significantly 
lower than the gas-phase axial velocities, it is unlikely that the 
mechanism of flame stabilization is propagation-based. Under 
the conditions investigated, there is no evidence of ignition 
kernels upstream and detached from high-temperature reaction 
zones for both fuels, as was observed by Pickett et al.59 In fact, 
flame stabilization seems to occur because of successive auto-
ignition of incoming fuel at the flame lift-off location49 for both of 
the fuels. It should also be noted that these simulations were 
Reynolds-averaged Navier-Stokes (RANS)-based, where the 
average concentration of species and temperature may be too 
low for autoignition. Large eddy simulation (LES) methods, 
which are more accurate than RANS methods, can capture the 
instantaneous species and temperature profiles, which can lead to 
more autoignition zones. However, LES methods are computa­
tionally more expensive; hence, they will be employed in future 
studies. 
3.3. Parametric Studies. Extensive validation of liquid and 

lift-off length characteristics of diesel fuel have been performed in 
our previous studies.19,32 However, because of the lack of exper­
imental data, such validation studies are not feasible for biodiesel. 
Because the flame lift-off characteristics under different ambi­
ent temperature conditions were well-predicted in simulations 
(cf. Figure 2b), parametric studies were performed to character­
ize the influence of other parameters, such as ambient gas density, 
temperature, and oxygen concentration, on liquid and lift-off 
lengths for biodiesel. Figure 10a presents the influence of the 
ambient temperature (at a fixed ambient density of 15 kg/m3 and 
O2 concentration of 21%), on liquid and lift-off lengths for both 
of the fuels. Both liquid and lift-off lengths are higher for biodiesel 
at all temperatures. It is interesting to note that the crossover 
temperature (i.e., the temperature beyond which the liquid 
length is higher than the flame lift-off length) is about 975 and 
850 K for diesel and biodiesel, respectively. This shows more 
interplay between the spray and combustion processes for bio­
diesel fuel. 

Figure 10. Influence of the (a) ambient temperature, (b) ambient 
density, and (c) ambient oxygen concentration on liquid and flame lift­
off lengths for biodiesel fuel. A comparison of crossover temperatures 
between diesel and biodiesel fuels is also shown in panel a. 

As the ambient density (or ambient pressure) increases (at a 
fixed ambient temperature of 1000 K and O2 concentration of 
21%), it decreases the injection velocity at the nozzle exit and, 
consequently, decreases the liquid length (cf. Figure 10b). The 
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Figure 11. Flame penetration length versus time from SOI for both 
diesel and biodiesel fuels. The inset plots temperature contours (T g 
2200 K) demarcating the flame lift-off position and flame length. The 
liquid fuel spray is shown by green droplets. 

liquid length also decreases because of the increased droplet drag 
caused by higher ambient density. Under the ambient density 
conditions investigated, for biodiesel, the liquid length is always 
higher than the lift-off length. Figure 10c shows the effect of the 
ambient oxygen concentration (at a fixed ambient temperature of 
1000 K and ambient density of 15 kg/m3) on the flame structure 
and stabilization location. As the oxygen concentration is re­
duced, it decreases the flame reactivity (or the Damk€ohler number) 
and effectively enhances the EGR effect. As a consequence, the 
ignition location and the flame base move downstream, increas­
ing the flame lift-off length. Another reason for the flame location 
to move downstream with a decreasing oxygen concentration is 
because more air entrainment is necessary to form autoignitable 
fuel-air mixtures. 
In the previous section, the ignition and flame lift-off char­

acteristics of diesel and biodiesel were investigated in detail. In 
this section, parametric studies are performed to investigate the 
influence of the ambient temperature (T = 1100 K) for a fixed 
ambient density of 15 kg/m3 on the flame stabilization mechan­
ism for diesel and biodiesel under conditions tabulated in Table 2. 
Figure 11 plots flame penetration lengths for diesel and biodiesel 
at two different temperatures of 1000 and 1100 K. In simulations, 
while the flame lift-off length is defined as the farthest upstream 
location of T g 2200 K contour, the flame penetration length is 
defined by the farthest downstream location of T g 2200 K 
contour. A higher flame penetration length results in flame 
quenching or extinction at the cooler walls of the combustion 
chamber, which act as a heat sink. While the flame lift-off 
characteristics of biodiesel were different from that of biodiesel, 
the flame penetration length values are similar at both of the 
temperature conditions investigated. 
Figure 12 plots the flame structure in terms of mole fraction 

contours of several species (O2, OH, CO, and C2H2) for diesel 
and biodiesel fuels at 3 ms from SOI. As indicated earlier (cf. 
Figure 7), the flame is stabilized in a fuel-rich zone at 2 ms from 
SOI and plotted in context of Figures 2b and 5. The fuel is 
completely consumed in the rich premixed reaction zone (RPZ), 
producing intermediate fuels, such as CO, H2 (not shown here), 

and C2H2. These fuel species are then consumed through a 
diffusion-controlled combustion process in the non-premixed 
zone (NPZ). The OH contours confirm the double-flame struc­
ture, with negligible OH in the RPZ because of the rich mixture in 
this region for both of the fuels. Thus, the OH contours locate the 
diffusion flame region, which is consistent with the observation 
by Dec.60 Furthermore, the C2H2 and CO contours indicate that 
most of the soot would be produced in the region downstream of 
the RPZ for both of the fuels, while most of NOx will be produced 
in the NPZ, which has the highest temperature. These contours 
clearly depict a partially premixed flame containing the RPZ near 
the flame stabilization region and the NPZ around the flame 
periphery for both diesel and biodiesel. Thus, the simulations are 
able to reproduce the “conceptual model” by Dec,60 characteriz­
ing diesel engine combustion. Other salient differences in the 
flame structure of these fuels are summarized as follows: (1) The 
O2 mole fraction contours are broader for diesel, which further 
indicates more ambient air entrainment and spray breakup. As 
explained earlier, the stoichiometric surface is further away from 
the spray axis for diesel, which results in broader O2 mole 
fractions. (2) Higher OH concentrations of diesel are also observed, 
reflecting higher flame reactivity. The OH contours also capture 
the fact that biodiesel predicts higher lift-off length than diesel 
fuel. (3) A lower CO concentration for biodiesel is due to two 
reasons: (a) the amount of evaporation was lesser for biodiesel 
compared to diesel, and (b) there was a higher oxygen concen­
tration in the fuel. (4) Because C2H2 is a precursor for soot for­
mation, a lower C2H2 concentration for biodiesel indicates that 
the amount of soot formation may also be lower for this fuel. 
3.4. Emission Characteristics. Figure 13 plots the heat-

release rate and emission characteristics of diesel and biodiesel 
fuels. The heat-release rate and maximum temperatures inside 
the constant volume combustion chamber are higher for diesel 
because of two main reasons: (1) The energy content is higher 
for diesel compared to biodiesel. (2) The amount of fuel injected 
was about 10% more for diesel compared to biodiesel. However, 
the premix heat-release rate of biodiesel was higher because of the 
oxygen in the fuel, which resulted in more complete premixed-
phase combustion. 
Figure 13b presents volume-averaged NOx and soot concen­

trations versus time for the two fuels. The values are first nor­
malized by the total amount of fuel injected for each fuel. These 
values were further normalized using the maximum soot and 
NOx values (which were observed for diesel fuel). Results do not 
indicate the classical trade-off between NOx and soot concentra­
tions, because biodiesel predicts both lower NOx and soot 
emissions. In general, it is agreed upon that the lower soot for 
biodiesel is due to the fuel-bound oxygen, which oxidizes the soot 
produced. Another reason for lower soot concentrations could 
be due to lower equivalence ratios at flame lift-off length. It has 
been shown previously that soot production decreases if the 
equivalence ratio at lift-off position is closer to stoichiomet­
ric,17,18 which is the case for biodiesel (cf. Figure 7b). While the 
lower soot production with biodiesel is consistent with published 
results in the literature, the lower NOx emission warrants further 
investigation. Because NOx is produced at the diffusion flame, 
lower flame temperatures for biodiesel (cf. Figure 13a) during 
the diffusion-burn period may be the main reason for NOx 

reduction. 
To further investigate the NOx emission characteristics of 

both these fuels devoid of spray, mixing, and engine effects, 
counterflow 1D flame simulations (OPPDIF) were performed 
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Figure 12. Comparison of the flame structures computed for diesel and biodiesel surrogates. The flame structure is shown at 2 ms after SOI for the base 
case in terms of contours of (a) O2, (b) OH, (c) CO, and (d) C2H2 mole fractions. 

(cf. Figure 14) using the CHEMKIN package. The flame con­
figuration consists of two opposing jets issuing from two coaxial 
nozzles that are placed one above the other. Fuel (diesel or 
biodiesel surrogate) flows from the lower nozzle, and air flows 
from the upper nozzle. The diffusion flame is established 
under atmospheric conditions, and the temperature of the 
fuel and oxidizer jets is set at 300 K. Because NOx is mainly 
produced in the diffusion flame region, this simplified flame 
configuration can provide further insight into the NOx emis­
sion characteristics of these fuels. The global strain rate61 is 
expressed as 

pffiffiffiffiffiffiffiffi pffiffiffiffiffiffi 
as ¼ ð2jVoxj=LÞf1 þ jVfuelj Ffuel =jVoxj Foxg ð8Þ 

where L (=2 cm) denotes the separation distance between the 
two jets, Vox denotes the oxidizer jet inlet velocity, Vfuel denotes 
the fuel jet inlet velocity, and Ffuel and Fox denote the densities of 
the fuel and oxidizer streams, respectively. In a heavy-duty CI 

engine,32 NOx production typically occurs during a crank angle 
duration of 40° for an engine speed of 1600 rpm, which results in 
a residence time of about 4.2 ms. OPPDIF simulations were 
performed with a similar residence time, resulting in a strain rate 
of 240 s -1. 
Figure 15 plots the NOx mole fractions under conditions 

mentioned in the previous paragraph with diesel and biodiesel 
surrogates. To identify the relative importance of different NOx 

formation routes, the reactions responsible for NOx formation by 
the other routes were suppressed. Hence, the thermal NOx values 
were calculated by suppressing the prompt and N2O mechanism 
reactions. The NOx produced with the N2O route were observed 
to be negligible under all conditions investigated; hence, they 
were not reported. The single peak in NOx values locates the 
diffusion flame region for both of the fuels. Thermal NOx pro­
duction is significantly higher for both of the fuels compared to 
prompt NOx. Higher thermal NOx (and hence total NOx) for 
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Figure 13. (a) Heat-release rate and maximum combustion tempera­
tures. (b) Normalized NOx and soot emissions, for diesel and biodiesel 
fuels reported in the context of Figures 6 and 8 and tabulated in Table 2. 

Figure 14. Schematic of the 1D counterflow flame configuration used 
in the present study to analyze NOx formation. Fuel and oxidizer nozzles 
along with an approximate location of the diffusion flame are also shown. 

diesel surrogate fuel is due to the fact that the flame temperatures 
(not shown here) were also higher compared to the biodiesel 

Figure 15. Mole fraction of thermal and prompt NOx versus distance 
from the fuel nozzle for diesel and biodiesel fuels. 

surrogate. However, prompt NOx is observed to be higher for the 
biodiesel surrogate because of higher concentrations of CH and 
HCN (not shown here) compared to the diesel surrogate. 
Clearly, there are chemical kinetic reasons for higher NOx 

production for diesel fuel (cf. Figure 13b) in the current study. 
Although the biodiesel surrogate predicts higher prompt NOx 

values, the total NOx (thermal þ prompt) does not agree with 
the trends reported in the literature. 
Hence, our future work will focus on the development of 

improved chemical kinetic models for diesel and biodiesel fuels. 
A chemical kinetic model for a mixture of methyl decanoate, 
methyl decenoate, and NHPT has already been developed by our 
group, 53 and it is able to capture the ignition and flame char­
acteristics at high temperatures very well. Low-temperature 
chemical kinetic pathways will be added to this mechanism for 
CI engine applications. 

4. CONCLUSIONS 

A computational study was performed to investigate the 
combustion and emission behavior of biodiesel and diesel fuels. 
The first step was to validate the detailed chemical kinetic models 
for the diesel and biodiesel surrogates. While NHPT, which was 
used as a surrogate for diesel fuel, was able to reproduce chemical 
ignition delay data very well, there was notable disagreement 
between the simulated and measured ignition delay times for the 
MB þ NHPT mixture (which was used as a biodiesel surrogate). 
Three-dimensional turbulent combustion simulations in a con­
stant volume combustion chamber were performed to validate 
liquid length and flame lift-off characteristics of diesel and 
biodiesel against data available in the literature. Ignition was 
seen to occur in rich mixtures for both diesel and biodiesel. It was 
concluded that both NHPT and MB may not be good fuel 
surrogates, especially at lower temperatures, because they are not 
able to reproduce the cetane number characteristics reported in 
the literature. 

The liquid length was always observed to be higher than the 
lift-off length for biodiesel, which indicated significant interplay 
between spray and combustion processes, which was not the case 
with diesel fuel under conditions investigated. Turbulent burning 
velocities were calculated for both of the fuel surrogates, and it 
was concluded that, because turbulent burning velocities were 
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significantly lower than the gas-phase axial velocity, upstream 
flame propagation may not be the mechanism for flame stabiliza­
tion. In addition, local ignition upstream and separated from the 
high-temperature flame regions was also not observed. Succes­
sive autoignition of the fuel stream into the combustion zone 
seems to be the mechanism for flame stabilization. Parametric 
studies were performed to understand the influence of ambient 
conditions, such as temperature, density, and O2 concentration, 
on flame lift-off lengths. In general, a lesser amount of ambient air 
entrainment was observed for biodiesel fuel. The emission 
characteristics of diesel and biodiesel fuels were also compared. 
The classical NOx and soot trade-off was not observed because 
both NOx and soot concentrations were lower for biodiesel. 
While the reduced soot emissions with biodiesel are consistent 
with other studies in the literature, the reduced NOx emissions 
are not. 
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