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Abstract

The interaction of spray and combustion processes forms a complex system of
physical phenomena undergoing in IC engines. Studying this interaction is
important to determine strategies for simultaneously reducing soot and NOx
emissions from diesel engines. Spray combustion interactions are evaluated by the
flame lift-off length - the distance from the injector orifice to the location of
hydroxyl luminescence closest to the injector in the flame jet. Various works have
been dedicated to successful simulations of lifted flames of a diesel jet by use of
various combustion modeling approaches. In this work, flame surface density and
flamelet concepts were used to model the diesel lift-off length. Numerical studies
have been performed with the ECFM3Z model and n-Heptane fuel to determine the
flame lift-off length under quiescent conditions. The numerical results showed good
agreement with experimental data, which were obtained from an optically
accessible constant volume chamber and presented at the Engine Combustion
Network (ECN) of Sandia National Laboratories. It was shown that at a certain
distance downstream from the injector orifice, stoichiometric scalar dissipation rate
matched the extinction scalar dissipation rate. This computed extinction scalar
dissipation rate correlated well with the flame lift-off length. For the range of
conditions investigated, adequate quantitative agreement was obtained with the
experimental measurements of lift-off length under various ambient gas O,
concentrations and ambient gas densities.

Key words: Spray Combustion, Lift-off Length, ECFM3Z Model, Scalar Dissipation

1. Introduction

The interaction of spray and combustion processes forms a complex system of physical
phenomena whose time and length scales range over a wide spectrum. This interaction plays
an important role in engine performance and exhaust emissions. The new combustion
strategies focused on simultaneous reduction of NOx and soot emissions suggest that
ignition timing is controlled to be delayed after the end of injection. Therefore, air in the
combustion chamber can be properly utilized by optimizing the air-fuel mixing in the spray.
To describe air-fuel mixing, the diesel flame lift-off length is evaluated. The lift-off length,
as an indicator of local mixture formation, is the driving parameter for identifying the
combustion rate and pollutant formation. Peters [1] conducted an extensive research on
lift-off length. At the macroscopic level, this research indicates that the flame stabilization
occurs along the stoichiometric mixture contour, at a location where a balance exist between
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the convective flow downstream in the jet and turbulent flame propagation upstream. The
flame stabilization process is controlled by a complex set of interactions between turbulent

-

__i1 ir T fluid mechanics and flame chemistry processes [2-5]. Recent experimental results proved
£E r_ ", ol ‘HE the fact that after the initial autoignition phase, the reaction zone of a diesel fuel jet
41 5‘ ih’ stabilizes at a location downstream of the fuel injector [6]. The flame remains lifted during

2 E;! I the diffusion-burn phase of heat release, allowing fuel and ambient gases to premix

| g" v upstream of the reaction zone and strongly affecting combustion and soot formation

§ wF FEED : processes downstream [7, 8]. The oxygen in the entrained air is believed to react with fuel

FEV R in a rich reaction zone in the central region of the spray just downstream of the lift-off
length [9, 10]. The products of such a rich reaction zone are ideal for forming soot,
suggesting a strong link between soot formation and the amount of air entrainment, or
fuel-air mixing, that occurs upstream of the location of flame lift-off. More air-entrainment
upstream of the lift-off length is likely to lead to less soot formation.

Lift-off length was modeled and simulated by several researchers. Senecal et al. [11]
performed a multi-dimensional modeling of the direct-injection diesel flame lift-off length
using CFD and parallel detailed chemistry. They applied KIVA/SAGE modeling
methodology to model experiments of Siebers and Higgins [7]. Tap and Veynante [12]
simulated the flame lift-off length of a diesel jet by using the generalized surface density
modeling approach. This modeling approach was coupled to a mixing model and a
chemistry model, based on the unsteady flamelet equations in the flamelet library.
Lehtiniemi et al. [13] modeled the lift-off length using detailed chemistry and the progress
variable approach. Venugopal and Abraham [14, 15] modeled the lift-off length and
correlated it with flame extinction. For the range of conditions explored, adequate
agreement was obtained between the numerical results and the measurements for varying
injection pressures, ambient densities, ambient temperatures and ambient O, concentrations.
D’Errico et al. [16] compared the lift-off length computed with the Eddy Dissipation Model
(EDM) and Partially Stirred Reactor Model (PaSR). Singh et al. [17] validated hybrid
auto-ignition/flame-propagation model against flame lift-off. Campbell et al. [18]
performed the analysis of premixed flame and lift-off length in diesel spray combustion
with multi-dimensional CFD. Vishvanathan and Reitz [19] predicted the diesel flame lift-off
length under low-temperature combustion conditions. Karrholm et al. [20] performed 3-D
simulations of the diesel lift-off length using OpenFoam and KIVA-3V CFD codes with
n-Heptane reaction mechanism involving 83 species and 338 reactions.

Flame lift-off is challenging to model because of its complex nature in association with
turbulence and chemistry that result in local quenching, partial-premixing and flame
propagation. The previous research mentioned above could not recommend a single
threshold temperature value that might be applied to the wide range of diesel combustion
conditions, including the combustion at diluted ambient gas with smaller Damkohler
number, as observed in LTC. The merit of the approach proposed in this paper is that it
takes into account turbulence and chemistry interactions, autoignition and flame
propagation and that the lift-off length is evaluated using the ECFM3Z model based on the
flame surface density and flame extinction concept. Because it is confirmed that the lift-off
length is strongly affected by turbulence and chemistry interactions, autoignition and flame
propagation [1, 6, 9]. This is the original study that uses ECFM3Z model to evaluate the
lift-off length based on flame extinction.

The modeling results were compared with available experimental data from the Engine
Combustion Network of Sandia National Laboratories [21]. n-Heptane was used as the
surrogate diesel fuel, and the flamelet library was generated based on the values of pressure,
temperature, O, concentration, reaction progress rate and scalar dissipation rate. The
influences of the chamber density and ambient gas O, concentration on the lift-off length
were investigated.
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2. Description of ECFM3Z model

The reliability of any combustion model depends on its accuracy of predicting the mixing
between fuel and oxidizer or between the fresh and the burned gases. ECFM3Z model tries
to address the mixing problem in a convenient way for engine combustion simulations. In
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ECFM3Z combustion model, combustion is described in terms of a progress variable (C)
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and a mixture fraction (Z ). A diagram of the ECFM3Z model structure is presented in

T
-t

Figure 1. According to this representation, each computational cell is divided into three
subgrid regions in the mixture fraction Z space: the unmixed fuel region, the mixing region
containing fuel, air and residual gases, and the unmixed air+residual gases region. This
structure can be seen as a simplified CMC approach where the Z space contains only three
points. In the original ECFM3Z model [22], this structure was represented with the
presumption of the probability density function (pdf) of the mixture fraction variable Z as
three different Dirac distributions:

P(Z) = ad(2) + po(-2) +y5(Z-2Z) ()

Unmixed Air+EGR Region Unmixed Fuel Region Mixed Region

where @, f, y are the coefficients that determine the weighting factor of each region. Z is

the average value of the mixture fraction in the mixed region. The first Dirac function
corresponds to the unmixed airtEGR region, the second one to the unmixed fuel region and
the third one to the mixed region. Here, the mixture fraction is defined as the fuel tracer
species Y7r which corresponds to the fuel mass fraction before the onset of combustion.
Reactions cannot take place in the unmixed fuel region and the unmixed air+EGR region;
they are only possible inside the mixing region. Combustion calculations are thus conducted
for this region according to the description in [22]. The subgrid cell mixing region is in turn
divided into zones of unburned and burned gases.

Unburned zone,x"' Burned zone
Unmixed
Air+EGR
region |
s : o L ; E:
' Mixed | ; Mixed Sl
: region (- region
! * P Turbulent
! ( Fix mixing
! ‘ ¥
1 / 1
| ¢
Unmixed
fuel
region

;" Droplets evaporation

Figure 1. Schematics of ECFM3Z model
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3. Flame lift-off length modeling

Different modeling approaches were addressed to compute the diesel lift-off length
[11-20], as was mentioned earlier. In this paper, the lift-off length is modeled based on
flame surface density and the flame extinction concept.

To compute the diesel jet lift-off length, the mean scalar dissipation rate at

stoichiometric conditions, yg;, is determined.

Yu=C,=Z" @)

= ™

where € and k are the Reynolds-averaged turbulent dissipation rate and the turbulent kinetic

~,

energy. Z ° is the variance of mixture fraction Z. The scalar time scale ratio C, is

assumed to be a constant [1]. One-dimensional laminar flamelet equations are used to
compute the structure of a laminar diffusion flame for the range of conditions in this paper.

%— lazyl +d) (3)
P “P ez
oT T 1op &h.
p = pLl PN, @)
ot 20Z° ¢, 0 ‘Tc,

where p-gas pressure, 7-temperature, po-mixture mass density, Y- mass fraction,

@ -production/destruction rate, and A, — specific enthalpy of species i, ¢, - mixture specific

heat. All the species are assumed to have the same mass diffusion coefficient equal to the
thermal diffusivity of the mixture.

The scalar dissipation rate represents the extent of heat conduction and species
diffusion at the flame. The flame structure consists essentially of a thin inner reaction zone

embedded between two chemically inert outer zones. When yg; is increased, heat

conduction from and reactant diffusion to the reaction zone will increase. If this increase is

beyond a critical value, y,ys, incomplete reaction results in reactant leakage, and thus heat

conduction can no longer be balanced by heat production due to chemical reaction, and the
flame is extinguished. This behavior is described by the well-known S-shaped curve [1].
Extinction occurs when the characteristic time of flow of reactants through the reaction
zone becomes shorter than the time required for heat release through chemical reaction, or
as the Damkohler number, Da, that is inversely proportional to y,,, is reduced to a critical
value.

4. Simulation procedure

To accurately evaluate spray and combustion processes at different conditions, it is
critical that the dependence of these processes on grid size is minimized. In this work, prior
to the modeling of the lift-off length, grids with cell sizes of 0.25mm, 0.5mm, 1mm and
2mm were evaluated for vaporizing spray distributions and these distributions were
compared with ones from experiment. The dependence of flow parameters on grid size was
investigated for the conditions at fuel injection pressure, Py, =135 MPa; nozzle orifice
diameter, D;if..=0.163 mm; discharge coefficient, Cph=0.86; nozzle length-to-diameter ratio,
L/D-5.52; spray angle 0/2=9°; ambient gas pressure P,,,=4 MPa; and ambient gas
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temperature T,,;,=820 K. The 3-D computational grid, a cylinder-shaped constant volume
_ chamber 80mm in diameter and 80 mm in length, was discretized with hexahedral cells of
i! | 2mm, 1mm, 0.5mm and 0.25mm in size. Fuel vapor penetration was also compared at the
i conditions with the shadowgraph experimental results available at ECN [21].

The discretization of time is set after the Courant number [23]. The time step is selected
for the minimum number of PISO correctors to ensure computation stability and
. ] convergence. In order to optimize the computation in terms of “accuracy-stability” we used
4 -:F EET 14 Monotone Advection Reconstruction Scheme (MARS) with blending factor 0.5. MARS is a
il multidimensional second-order accurate differencing scheme. It possesses the least
sensitivity of solution accuracy to the mesh structure and skewness. The complete duration
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of spray combustion was considered to match that of the experiment. The fuel was injected
with spray characteristics adjusted according to the spray characteristics applied in the
experiments. In the spray model, atomization proceeded according to the Reitz-Diwakar
model, and the fuel droplets were formed according to the Reitz-Diwakar breakup model
[24-27]. After a reliable grid size was identified, the lift-off length was evaluated. The
ECFM3Z model was used to simulate the lift-off length with the conditions in the constant
volume combustion chamber, as shown in Tables 1 and 2, available from ECN [21].

Table 1. Simulation condition

Fuel @Temp n-Heptane@373 K

Nozzle Dy i5e=0.100 mm, Cp=0.86, L/D-4.0, 6/2=6.5°
Injection pressure, AP 150 MPa

Ambient gas density 14.8 kg/m*, 30.0 kg/m”

Ambient gas temperature 1000 K

Table 2. Ambient gas composition

Molecular percentage
O, N, CO, H,O MW (A/F)st
21.00 6933 6.11 3.56 2947 1540
15.00  75.15 6.22 3.63 29.25 2140
12.00  78.07 6.28 3.65 2913 2670
10.00  80.00 6.33 3.67 29.05  32.00

The autoignition in the present simulations was controlled by the double-delay
autoignition model for ECFM3Z. The double-delay autoignition model considers the effect
of cool flames, which is characterized by a weak increase in temperature after the initial
delay, followed by a slow-down of the reaction rates until the second delay. After this
second delay, the reaction rate increases rapidly, and the main autoignition takes over. This
model makes use of pre-computed tables containing the results of complex chemistry
calculations of the autoignition of n-Heptane with 800 reactions and 100 species [23, 28].
The tables give values for the two delays, which are functions of pressure, temperature,
equivalence ratio and the EGR rate.

The mean scalar dissipation rate y, was extracted along the mean stoichiometric
mixing line. To determine the scalar dissipation rate along the stoichiometric line of mixture
fraction, the iso-surface of mixture fraction values at a specific stoichiometry is created, as
shown in Figure 2.
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Extinction scalar
dissipation, i

é 1II:I :’2'0 3b 4-IIJ SIO EIO '.-'IU BIEI EIIO 160 110
!I' Distance from injector [mm]
Stoichiometric mixture
fraction contour
Z,4=0.062

Flame lift-off
threshold

Temperature
iso-contour 1600K

Temperature
iso-contour 2200K

-+ *

108 mm
Figure 2. Assessment of the flame lift-off length. Top figure: extinction scalar
dissipation value on the stoichiometric scalar dissipation curve.

The red contour in the first image of Figure 2 is a stoichiometric mixture fraction line.
Computed values of the scalar dissipation rate are mapped to the iso-surface [29]. Then
based on the temperature and Damkohler number relation (S-curve), the flame temperature
along the stoichiometric line is plotted versus the inverse of the scalar dissipation rate. To
determine the scalar dissipation rate at extinction, the threshold flame temperature of 1600K
is used. This threshold flame temperature is adopted according to the conceptual model of
diesel combustion presented by Dec [10] and the analysis of the overall chemical kinetics
and potential sequence of reactions in hydrocarbon oxidation by Flynn et al. [30]. y, is
plotted versus the distance along the jet penetration, and the y,, value that was determined
from temperature curve is projected on the graph “y,, vs. distance from injector”. That value
on the y, graph is the value of the scalar dissipation rate at extinction, ., which
corresponds to the flame lift-off length. Details of this procedure are explained in [29]. The
computed lift-off length values were compared with experimental data from ECN of Sandia
National Laboratories [21].

5. Results and discussion

5.1 Non-reacting spray

The problem of mesh dependence for the vaporizing liquid spray injected into a
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constant volume chamber is illustrated in Figure 3. All computations were performed under
the same conditions mentioned in section 4. The only parameter that was varied was the
grid resolution. As this figure shows, grid size has an ambivalent effect on spray penetration.
The use of a larger number of cells decreased the penetration of the spray. When the cell
size is larger than Imm, the penetration was longer, but when the cell size is smaller than
Imm, penetration becomes shorter with a large increase in the spray cone angle.

Fuel vaper

concentration
0.zoon
01657
01714
0.1571
01423
[ gsdil)
01143

AW

0 7143E-01
0.5714E-01
04286E-01
0.2857E-01
0.1429E-01
0.0000

77mm

Experiment  Cell size=1mm Cell size=2mm  Cell size=0.5mm Cell size=025mm
Calc.Time=6.8h Calc.Time=1.1h Calc.Time=23h Calc.Time=123h

Figure 3. Comparison of vaporizing spray penetration from shadowgraph experiment with
simulation at different grid resolutions. T,,=820 K, P,,=4 MPa, P;,=135 MPa,
DoriﬁceZO. 163 mm.

As shown in Figure 4, the computed vapor penetration is slightly under-predicted. This
under-predicted vapor penetration is consistent with a well known shortcoming of eddy
viscosity turbulence models for free shear flow, where the models over-predict the
spreading rates and consequently under-predict the penetration in round jet flows [31]. In
addition, Magi et al. [32] found that over-prediction of the spreading rates for round gas jets
persists for CFD simulations based on RANS grids and standard k-¢ turbulence models.

1100ps

30 40 S0 60 50
Axial distance [mm]

30
Axial distance [mm]

Axial distance [mm]
Figure 4. Penetration of n-Heptane vaporizing spray. Tyn,=1000K, AP;,=150MPa,
Doifice=100um, grid size = lmm. Experimental data of shadowgraph experiment for
comparison were taken from ECN of Sandia National Laboratories [21].

Nevertheless, one possibility of reducing the effect of grid is the use of spray adapted
grid such that the spray is always more or less perpendicular to the cells and is correlated
with experimental results for non-vaporizing and vaporizing spray penetration, which
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exactly was demonstrated here. Therefore, a computation domain with Imm grid size was
selected for further analysis on reacting spray and lift-off length.

5.2 Reacting spray

5.2.1 Flame lift-off length

The lift-off length values computed in this study using flame area density and the laminar
flamelet approach showed good agreement with experimental data as well as with the
numerical results obtained by other researchers. As O, decreases, the stoichiometric mixture
fraction Z,, decreases, and that the stoichiometric contour is located at radial positions
farther away from the centerline of the jet. Since the scalar dissipation rate, y,, decreases as
we move radially out from the centerline, lower O, leads to lower ¥, values in the jet. The
net effect is a higher lift-off length. The assessment of lift-off length based on the extinction
concept is shown in Figure 2. The computed values of lift-off length in this study were
compared with the closest distance from the injector orifice to the contour of flame
temperature at 1600 K, and with the distance from the injector orifice to the closest location
of OH concentration. The iso-temperature value of 1600K was used considering the results
of analysis of the overall chemical kinetics and potential sequence of reactions in
hydrocarbon oxidation [10, 30].

The results suggest that the axial location of OH concentration that is the closest to the
injector orifice, matches well the region of temperature at 1600 K, closest to the injector
orifice. The extinction scalar dissipation point also corresponds to the flame temperature at
1600 K. As the jet progresses downstream from the injector, the scalar dissipation rate
decreases and the lift-off length stabilizes at a certain distance from the injector. A
distribution of the flame surface density (Sigma) is indicated at the location of the lift-off.

Experimental results of the Sandia combustion chamber were used to validate the present
approach. The experimental flame lift-off length was measured as described in [1, 33].
Time-averaged, line-of-sight images of light emitted from a burning fuel jet at 310 nm were
acquired with an intensified CCD camera using a 310 nm band-pass filter (10 nm FWHM).
Figure 5 shows that the lift-off length is predicted based on the comparison of OH
distributions. The results of the computed lift-off length were compared with the available
experimental data at p,,,=14.8 kg/m3, 0,-21%, 0,-15%, 0,-12% and 0,-10% from ECN
[21] at the conditions listed in Table 1. It is seen that lift-of lengths estimated from OH
distribution were slightly underpredicted for lower O, concentration cases. However, it
worked reasonably well for the O,-21%.

The results also indicated that increasing the ambient gas density increases the
extinction scalar dissipation rate, y.., and therefore, decreases the lift-off length, as shown
in Figure 6. The increase in ., is attributed to enhanced reaction rates at higher gas
densities. The higher values of y,,, occur closer to the injector orifice. There is also an
additional influence of the changes in y, in the jet as the density is increased. y, typically
decreases and the lower values of y;, result from greater spreading of the jet with increase in
the ambient gas density. Experimental and computed lift-off length values for the range of
conditions in this paper are shown in Table 3.
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Flame lift-off length

DH* Chemiluminscence

Figure 5. Comparison of experimental and computed lift-off lengths at different ambient gas
oxygen concentrations. Dash lines indicate locations of lift-off lengths. Experimental data
of OH* chemiluminescence experiment for comparison were taken from [34].
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Figure 6. Temperature (A) and (C) and scalar dissipation rate (B) and (D) along the
stoichiometric mixture fraction line, with predicted lift-off lengths at p,,,=14.8 and 30
kg/m’. Tymy=1000K, AP;,=150MPa and D ifice=0.100mm.
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Table 3. Experimental and simulated lift-off length values

Lift-off length

o, 21% 15% 12% 10%
Pan(kem®) 148 300 148 300 148 300 148 300
Experiment 17.00 - 2340 1190 2920 1390 3510 1640

Simulation  15.65 11.00 22.10 14.80 2672 19.24 3580 2640

1 EEERRE! i ¢ As shown in Figure 7, the stoichiometric mixture fraction fluctuations are the strongest
at the high scalar dissipation rates. According to Peters [1], the large mixture fraction

T

fluctuations in the mixture fraction space extend to sufficiently lean and reach mixtures
such that the diffusion layers surrounding the reaction zone are separated. For small mixture
fraction fluctuations, which may be due to intense mixing or to partial premixing of the fuel
stream, the reaction zones are connected. As the flame jet progresses downstream from the
injector, the scalar dissipation rate decreases and mixture fraction fluctuations become
smaller than the reaction zone thickness and even the reaction zones become connected. At
this condition, the mixture fraction field is nearly homogeneous, and the flame lift-off
length stabilizes at a certain distance from the injector.

(A) (B)

0.0630 00630
09-21% 045-21%
0.0625 Z 4=0.082
0.0625 - /
Zy=0.062 006204 - A flp- L V,_ e
—‘ED.UBQU—--- %0.0515_
“ &
006104
0.0615 4
00605 A
006104 oo
oo a4 02 03 04 05 000 001 002 003 0.04 005 008
131_1 [sec] 131-1 [zec]
003a0 00405
05-12% 00400 02-12%
00388 {
00395
00386
T — LHEEENy 7 4=0.0383
_ 003844 M 3“\ T oozes| M
- = WA sz W 00380
F 00382 ~
00375
00380 S
00378 003654
el 00360
T T T T T T T T 00335 T T T T T T
o0 01 02 03 04 05 06 07 000 001 002 0.03 0.04 0.05 0.08
3 i
Xst  [==c] st i [sec]
00322 00322
e D9-10%
o030 02 10% 003204 z
Z4=0.0317 L 4=00317
00318 Y 003184
003154 _ 003161 . L
w0034 w0031 4 4
~ 4
00312 00312
00310 00310
00308 00308 A
ooz0fdH—1mor 00306 4 . : . . . .
00010203 04050807 0803 000 001 007 003 004 0.05 006
st [220] 131-1 [sec]

Figure 7. Stoichiometric mixture fraction fluctuation for different oxygen concentrations
at (A) Pamp-14.8 kg/m® and (B) pamp-30 kg/m’
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5.2.2 Heat release rate

A comparison between experimental [21] and computed pressure rates is displayed in
Figure 8, for the conditions computed using double-delay autoignition model. For
double-delay auto-ignition, the apparent heat release rate (AHRR) profile showed a little
difference with that of experiment. Very rapid AHRR was observed before the start of the
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main ignition. This fast heat release is due to cool flame reactions. Pickett et al. [6] showed
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that exited state species are formed during the first stage of cool flame chemistry period of

ignition. They identified the region where the cool flame chemistry occurs prior to
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high-temperature combustion.
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Figure 8. Pressure rise and AHRR with double-delay autoignition model
at (A) Pams-14.8 kg/m® and (B) pamp-30 kg/m’

AHRR during the premixed burn decreases with decreasing O, concentration. Possible
reasons for this decrease include slower chemical kinetics because of dilution, or lack of
oxygen entrainment because of reduced ambient oxygen. However, as the combustion
proceeds, the heat release rate with reduced O, in mixing-controlled part of combustion
becomes almost equal to the heat release rate with O,-21%. Although the AHRR profile, in
general, computed with double-delay autoignition model differs from that of the experiment,
it fairly predicted the main ignition delay as it did in the experiment. The different AHRR
profiles in the double-delay model may be the cause of the temporal and spatial
discretizations of the computational domain, fuel evaporation model and air-fuel mixing
model. The influence of these aspects will be considered in future studies. Nevertheless, the
effect of cool flame on combustion should not be underestimated. In particular, for the
practical implementation of the LTC concepts, using the double-delay autoignition model
may be very useful for obtaining insights about the influence of ignition processes on the
flame lift-off length.

In order to evaluate the cause of mixing model, the mass fraction of the fuel burned in the
diffusion zone of the ECFM3Z model was computed. Figure 9 shows that as the O,
concentration in ambient gas decreases, the mass fraction of the fuel that has been
consumed by diffusion mode also decreases. The more the O, concentration is reduced, the
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longer the ignition delay, and more the fuel is premixed with ambient gas and burned in the
premixed mode, meaning that air-fuel mixing is well represented.
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Figure 9. Mass fraction of fuel burned in diffusion zone at (A) pam,-14.8 kg/m’ and (B)
pamb'30 kg/m3

6. Conclusion

A description of a novel approach to evaluate the lift-off length using the ECFM3Z model
was presented. The results of this numerical study provide a comprehensive picture of the
parameters affecting the diesel flame lift-off length. The computed results were compared
with available experimental data from Engine Combustion Network developed by Sandia
National Laboratories.

For the range of conditions investigated, adequate quantitative agreement was obtained
with the experimental measurements of lift-off length under different ambient gas oxygen
concentrations and ambient gas densities. The results showed that the computed values of
lift-off length lay in a reasonable range within the experimental values of quasi-steady
lift-off length.

The lift-off length was predicted well for the O,-21% concentration case. However, it was
slightly underpredicted for O,-10% concentration case. These results indicate that the model
is suitable for conventional diesel combustion and low EGR conditions while additional
enhancements are needed for high EGR conditions.

Double-delay ignition model could not predict well the premixed phase of the AHRR
profile, based on comparison of its predictions with the result of the experiment. This may
be the cause of the spatial discretization of the computational domain, fuel evaporation
model and air-fuel mixing model.
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