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1 Introduction

Fuel spray and combustion processes are extremely complex.
They involve transient, two-phase turbulent flows, elevated pres-
sures, and a wide range of temporal and spatial scales. Conse-
quently, the experimental, theoretical, and computational studies
of these flows have been challenging. The spray combustion proc-
esses in compression ignition engines are characterized by strong
interactions between the liquid length and LOL [1-4]. The liquid
length is defined as the farthest penetration of liquid fuel in terms
of the axial location [5], and it is established where the total fuel
evaporation rate equals the injection rate. It represents a global pa-
rameter for characterizing the atomization and vaporization
behavior. The LOL is defined as the farthest upstream axial loca-
tion of combustion, and it has been used to characterize the com-
bustion behavior, since the LOL is largely determined by the fuel
atomization, vaporization, subsequent fuel-air mixing, and air
entrainment upstream of the liftoff location. These processes
clearly play a critical role in determining the engine combustion
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Simulating Flame Lift-Off
Characteristics of Diesel and
Biodiesel Fuels Using Detailed
Chemical-Kinetic Mechanisms
and Large Eddy Simulation
Turbulence Model

Combustion in direct-injection diesel engines occurs in a lifted, turbulent diffusion flame
mode. Numerous studies indicate that the combustion and emissions in such engines are
strongly influenced by the lifted flame characteristics, which are in turn determined by
fuel and air mixing in the upstream region of the lifted flame, and consequently by the
liquid breakup and spray development processes. From a numerical standpoint, these
spray combustion processes depend heavily on the choice of underlying spray, combus-
tion, and turbulence models. The present numerical study investigates the influence of
different chemical kinetic mechanisms for diesel and biodiesel fuels, as well as Reynolds-
averaged Navier-Stokes (RANS) and large eddy simulation (LES) turbulence models on
predicting flame lift-off lengths (LOLs) and ignition delays. Specifically, two chemical
kinetic mechanisms for n-heptane (NHPT) and three for biodiesel surrogates are investi-
gated. In addition, the renormalization group (RNG) k-¢ (RANS) model is compared to
the Smagorinsky based LES turbulence model. Using adaptive grid resolution, minimum
grid sizes of 250 um and 125 pm were obtained for the RANS and LES cases, respectively.
Validations of these models were performed against experimental data from Sandia
National Laboratories in a constant volume combustion chamber. Ignition delay and flame
lift-off validations were performed at different ambient temperature conditions. The LES
model predicts lower ignition delays and qualitatively better flame structures compared to
the RNG k-¢ model. The use of realistic chemistry and a ternary surrogate mixture, which
consists of methyl decanoate, methyl nine-decenoate, and NHPT, results in better prédicted
LOLs and ignition delays. For diesel fuel though, only marginal improvements are
observed by using larger size mechanisms. However, these improved predictions come at a
significant increase in computational cost. [DOIL: 10.1115/1.4007216]

and emission characteristics. For instance, correlation was
observed between the soot distribution and LOL for diesel jets in
the recent experiments by Pickett and Siebers [6,7].

In the past decade, several studies were performed by research-
ers at Sandia National Laboratories to provide high-fidelity
measurements of parameters such as spray penetration, liquid
length, vapor penetration, mixture-fraction [8—10], ignition delay,
LOL, and soot emissions for a range of ambient and injection
conditions, in a constant volume combustion vessel. A variety of
fuels and fuel surrogates, such as diesel #2, biodiesel, NHPT and
n-dodecane, were studied in these experiments, and the resulting
dataset can be accessed through the Engine Combustion Network
[11]. Only recently, this high-fidelity dataset has been used for
spray combustion model development and validation.

One of the first studies to model the liquid length and flame
LOL was performed by Senecal et al. using KIVA/SAGE with
NHPT as the fuel surrogate [12]. The modeling approach involved
the direct integration of complex chemistry in homogenous (per-
fectly mixed) computational cell. Liquid length, ignition delay,
and LOL were well captured at different ambient and injection
conditions. Kong et al. [13] also used NHPT as a surrogate for
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165 reactions. Their simulations were able to accurately predict
the LOL at different ambient temperature conditions. Using a
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similar approach, Vishwanathan and Reitz [14] captured the LOL
and soot distribution under LTC conditions. Recently, Som and
Aggarwal [4] developed an improved _primary breakup model Kel-
vin-Helmholtz Aerodynamic Cavitation Turbulence (KH-ACT?,
accounting for cavitation and turbulence-induced breakup in addi-
tion to aerodynamic breakup [4,15]. The KH-ACT model was
coupled with a reduced NHPT model [16] to success.fl‘llly 'predlct
the ignition and flame lift-off behavior for different injection and
ambient conditions. Lucchini et al. [17] reported the relevance of
a perfectly stirred reactor combustion model by showing that the
mixture-fraction variance is close to zero thus concluding that the
turbulence-chemistry interactions may be neglected for modeling
purposes. OpenFOAM [17] was used with a 44 species, 112 reac-
tions NHPT mechanism to predict ignition delay and LOL at
different ambient temperatures and oxygen concentrations.

The influence of turbulence-chemistry interaction on spray
combustion was accounted for by Azimov et al. [18] by using the
ECFM3Z model. The model was able to accurately predict the
influence of oxygen concentration on LOL. Tap and Veynante
[19] used a combination of mixing, flame surface density, pro-
gress variable, and chemistry models to predict the ignition and
flame stabilization phenomenon. Karrholm et al. [20] imple-
mented a PaSR model for turbulence-chemistry interactions in
KIVA-3V and OpenFOAM codes. An NHPT reaction mechanism
consisting of 83 species and 338 reactions was used to predict
LOL and ignition delays. They attributed the differences in the
prediction by the two codes to differences in computational mesh,

submode] implementation, and solution algorithms. Golovitchev

et al. [21] also used the PaSR approach along with a 57 species,
217 reactions NHPT mechanism to predict soot distributions. An
excellent review about the different approaches for modeling
flame lift-off and stabilization has been performed by Venugopal
and Abraham [22].

Accurate prediction of ignition delay and LOL depends heavily
on the reaction mechanisms. Although the role of different com-
bustion models and turbulence-chemistry interactions on spray
combustion processes have been studied, as summarized above,
the influence of chemical kinetic models on those processes has
not been fully characterized. In addition, all of the above model-
ing approaches were based on the RANS approach. While Sma-
gorinsky and dynamic structure LES models have been used
under LTC regimes [23], their ability to predict LOLs and ignition
delays in constant volume combustion vessels has not been
adequately assessed. Since diesel spray combustion processes are
mixing controlled, improvements in predicting LOLs and ignition
delays may be achieved with a LES model. This potential is the
basis for the present numerical study, the primary objectives of
which are to (1) compare ignition delays and LOLs predicted by
different diesel and biodiesel surrogate mechanisms with the
experimental data from Sandia and (2) compare the RANS and
LES approaches under both nonreacting and reacting conditions
for qualitatively and quantitatively predicting the spray and flame
structures. Another objective of this study is to assess the
computational efficiency and scalability of the detailed reaction
mechanisms for diesel and biodiesel surrogates and to understand
the computational costs associated with running these large
mechanisms.

2 Physical-Computational Model

Fuel spray and combustion simulations were performed using
the Eulerian-Lagrangian approach in the computational fluid
dynamics software converce [4,24,25]. Tt incorporates state-of-

the-art models for spray injection, atomization and breakup, turbu- '

lence, droplet collision, and coalescence. The gas-phase flow field
1s described by using either the Favre-averaged Navier—Stokes
equations in conjunction with the RNG k-¢ or the LES based
turbulence model, which includes source terms for the effects of
dispersed phase on gas-phase turbulence. These equations are
solved by using a finite volume solver. The details of these models
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can be found in previous publications [26], so only a brief descrip-
tion is provided here.

The Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT) models
are used to predict the subsequent secondary droplet breakup
[27,28]. Droplet collisions are modeled with no time counter algo-
rithm [29]. Once a collision occurs, the outcomes of the collision
are predicted as bouncing, stretching, reflexive separation, or coa-
lescence [30]. A droplet evaporation model based on the Frossling
correlation is used. Also used is a dynamic drag model based on
the postulation that the drag coefficient depends on the shape of
the droplet, which can vary between a sphere and a disk. The
effects of turbulence on the droplet are accounted for using a tur-
bulent dispersion model. Detailed kinetic modeling is performed
using the SAGE chemical kinetic solver [12,24,25] directly
coupled with the gas-phase calculations using a well-stirred
reactor model.

CONVERGE uses an innovative, modified cut-cell Cartesian
method for grid generation [24,25]. The grid is generated inter-
nally at runtime. For all cases, the base grid size is fixed at 4 mm.
In order to resolve the flow near the injector, a fixed grid embed-
ding is employed such that the minimum grid size is 0.25 mm.
Apart from this region, it is rather difficult to determine a priori
where a refined grid is needed. Hence, four levels of adaptive
mesh refinement are employed for the velocity field. To match the
combustion chamber geometry used in the experimental study
[11], a cubical geometry of 108 mm on each side is generated
(cf. Fig. 1). The zoomed-in view of the fixed embedding region is
also shown.

2.1 LES—Smagorinsky Based Turbulence Model. Velocity
and other thermodynamic variables are expressed in Favre
form, whereas density and pressure are expressed in Reynolds
form. The density-weighted LES spatial-filtering operation on
the Navier-Stokes equation results in the filtered momentum
equation

Opw  Opww 8P OpT; o  Om\ —
e UL L. B g0}
ot ij Ox; 8Xj ij ij

where the LES subgrid scale tensor:
Ty = (uity — i ;) @
- T = 0 5 O 3
— 1 [ | i
Ll ] ! I ’ I 1 33T 11T+ T ITI

IES

—r—1

T

‘E 1 ] I L HHH B SRR ENN NN Tt
! | o5 B I L3
ol | | o [ L3
I '{ |

4 mm

T
I 108 mm ———— |

Fig. 1 Grid generated in converce at 0.4 ms ASI for combusting
s_;:’rays described in Table 1. The field of view is 108 mm each
side.
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Table 1 Range of conditions for the combusting spray experi-
ments at Sandia National Laboratories [11]

Fuels NHPT, diesel #2
Ambient temperature (K) 800-1300: Parametric study
Ambient density (kg/m>) 14.8
Composition Reacting: 21% O,
Injection pressure (bar) 1500
Fuel injection temperature (K) 373
Fuel density at 300K (kg/m>) NHPT: 700
Diesel # 2: 820
Nozzle diameter (um) 100
Duration of injection (ms) 3
Discharge coefficient 0.75-0.80
is modeled using a Smagorinsky based model:
YT
Ty = —2C,A*[S[S; +3 05T 3

where |§’ =4/28;8;, A= Vcle/ﬁ
)
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The spray models require a turbulent kinetic energy for closure. For
the Smagorinsky model, the subgrid turbulent kinetic energy is not
readily available. Hence, the following expression is used for closure:

A? 9; 0;
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The multicomponent evaporation model implemented in
CONVERGE is based on a discrete approach. This model is used to
simulate a three-component biodiesel mixture as discussed in
Results and Discussion section. For this model, the liquid drops
are assumed to be perfectly mixed. The liquid and gas properties
for each specie component are considered in the calculations. The
vapor pressure calculations (critical for accurate evaporation) are
performed by using Raoult’s Law.

Since liquid penetration, vapor penetration, liftoff length, and
ignition delay data will be used for validation purposes, these
parameters will be first defined here. In simulations, liquid pene-
tration is defined as the axial location encompassing 97% of the
injected mass at that instant of time. Vapor penetration at any
time is determined from the farthest downstream location of
0.05% fuel mass-fraction contour. Similarly, flame LOL is also
calculated based on the mass-fraction calculation of OH
radical and is determined by the nearest upstream location of
You=0.05% contour. Ignition delay is defined as the time from
start of injection to the time when temperatures above 2000K are
first observed in any computational cell.

3 Results and Discussion

This section is divided into three parts. The first part discusses
the influence of reduced chemical kinetic mechanisms for NHPT
and biodiesel on ignition delay and flame lift-off characteristics.
Next, the influence of RANS and LES turbulence models on spray
and flame structure is analyzed. The last section (Sec. 3.3) deals
with the scalability and computational efficiency of the chemical
kinetic mechanisms discussed in the context of Sec. 3.1.

3.1 Comparison of Chemical Kinetic Mechanisms for
Diesel and Biodiesel. First, we present validation for NHPT as a
diesel surrogate. The data were obtained from Sandia National
Laboratories [11]. A parametric study was performed to capture
the influence of ambient temperature on LOL and ignition delay.
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Fig. 2 Measured [11] (a) flame LOL and (b) ignition delay vs.
ambient temperature calculated by using Chalmers and Lu
et al. mechanisms, respectively, for NHPT

The conditions simulated are mentioned in Table 1. It should be
noted that simulations were first performed under nonreacting
conditions (absence of O,) to ensure that spray penetration, liquid
length, and vapor penetration (not shown here) are accurately pre-
dicted by the spray models under evaporating conditions. In order
to capture the influence of reaction mechanisms on flame LOLs
and ignition delays, two NHPT mechanisms from the literature
are chosen. The first mechanism was developed at Chalmers Uni-
versity [16] and consists of 42 species and 168 reactions. The sec-
ond mechanism was developed recently by Lu et al. [31] aI_ld
consists of 68 species and 283 reactions. Both mechanisms consist
of the low-temperature chemistry and can capture the negative
temperature coefficient (NTC) behavior. All of the simulations in
this section were performed with the RNG k-¢ turbulence model.
Figure 2 presents a comparison of the measured [11] .and
predicted flame LOLs and ignition delays as a function of amt?1ent
temperature, calculated using the two NHPT mechanisms
described above. In simulations, flame LOL is detenmned. by the
nearest location of OH radical contour correwpn@mg to
You=0.05% of the peak value, from the point of 1pJect10n. An
increase in ambient temperature (keeping a;nb1ent density
constant) results in lowered flame LOL due to the 1ncreasefi.che.m—
ical reactivity, which moves the ignition and flame stablhzathn
locations upstream. Increased ambient temperatures also results in
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Fig. 3 Measured [11] and predicted flame LOL vs. ambient
temperature for NHPT and DF #2, calculated using Chalmers
and Lu et al. mechanisms, respectively

decreased ignition delays as expected. In general, both mecha-
nisms predict the overall trends of LOLs and ignition delays very
well, while the Lu et al. mechanism always predicts higher igni-
tion delays compared to the Chalmers mechanism. Ignition delay
in a two-phase flow consists of physical and chemical delays.
Since the spray structure, i.e., Sauter-mean diameter (SMD), spray
penetration, etc. (not shown here), is similarly predicted with both
mechanisms, the differences in the predicted - ignition delays
should be primarily attributable to the differences in the chemical
kinetic mechanisms.

Since both the Chalmers and Lu et al. mechanisms performed well
in predicting the LOLs and ignition delays for NHPT, these mecha-
nisms were used to predict the LOL characteristics of diesel #2 (DF
#2). Note that the physical properties of n-tetradecane were used to
represent DF #2 [4,26,37]. Figure 3 presents the effect of ambient
temperature on LOL for DF #2 and NHPT. The data for NHPT and
DF #2 are at different injection conditions; hence, it is not appropri-
ate to compare the LOL characteristics between these fuels from
Fig. 3. In general, both mechanisms are able to predict the LOL
trends very well. However, Lu et al. mechanism does a marginally
better job in predicting the flame LOLs of DF #2.

The influence of chemical kinetic mechanisms on the spray,
LOL, and ignition characteristics of different biodiesel surrogates
will be further explored in this section. The experimental data were
obtained by Nerva et al. [32]. Three different mechanisms will be
investigated. Recently, two reduced mechanisms with a mixture of
MD (25%), MD9D (25%), and NHPT (50%) were developed at the
University of Connecticut [33]. The detailed mechanism was
obtained from Lawrence Livermore National Laboratory, consist-
ing of 3299 species and 10806 elementary reactions [34]. The first
reduced mechanism consists of 123 species and 394 reactions (des-
ignated as UConn-123) and was obtained with a worst-case error
tolerance of 40% for auto-ignition delays and extinction residence
times in perfectly stirred reactors [33]. This is perhaps the largest
mechanism employed so far for spray combustion simulations with
the grid size of interest (0.25 mm). The second reduced mechanism
consists of 89 species and 364 reactions (designated as UConn-89)
and was obtained with a worst-case error tolerance of 30% [35]. In
the past, a surrogate mixture of 33% methyl butanoate (MB)
and 67% NHPT [36], consisting of 41 species and 150 reactions
(designated as Engine Research Center (ERC)-bio) has also been
used for biodiesel combustion modeling [37]. This surrogate model
will also be tested against the above reaction mechanisms. Note
that physical properties of biodiesel are represented by the proper-
ties of methyl oleate, and MD 4+ MD9D + NHPT, and MB + NHPT
are only used as chemical kinetic surrogates for biodiesel.

032204-4 / Vol. 134, SEPTEMBER 2012
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Fig. 4 Measured [11] and predicted (a) spray penetration vs.
time and (b) vapor penetration vs. time, under nonreacting
conditions at an ambient temperature of 900 K for biodiesel fuel

Validation under nonreacting conditions will be presented first,
followed by reacting conditions. Figure 4 presents predicted and
measured liquid spray and fuel vapor penetration at different
times after start of injection (ASI) under nonreacting conditions.
The experimental conditions are listed in Table 2. An increase in
ambient temperature from 900K to 1000K at fixed ambient den-
sity causes a decrease in spray penetration, which is due to the
increased vaporization rate, and, subsequently, decreased liquid
length. Simulations are able to capture the spray penetration char-
acteristics very well at both ambient temperature conditions. Simi-
larly, fuel vapor penetration is also well predicted by the
simulations at an ambient temperature of 900 K. It is noted that in
simulations the vapor penetration at any time is determined from
the farthest downstream location of 0.05 fuel mass-fraction contour.

Figure 5 presents measured [11] and computed OH profiles
under conditions presented in Table 2 at a chamber temperature of
1000 K. Because of the axisymmetric nature of the spray and com-
bustion processes, images are presented on a cut-plane through
the center of the fuel jet. The LOL is shown by a vertical white-
dashed line, and the average equivalence ratio at the lift-off loca-
tion is also shown for all of the mechanisms. The spray axis is
demarcated by using a horizontal white-dashed line. The ficld of
view is 75mm X 25mm in the axial and transverse directions,
respectively. The LOL is overpredicted by about 25% and 50%
with UConn-123 and UConn-89 mechanisms, respectively. The
width of the flame is well captured by all of the mechanisms.
The measured ignition delay is 396 us (cf. Table 3), while the
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Table 2 Test conditions for biodiesel combustion experiments
at Sandia [11]

Bosch common rail
Single-hole, minisac

Injection system
Nozzle description

Duration of injection (ms) 1D
Orifice diameter (1m) 90
Injection pressure (bar) 1500

Fill gas composition (mole fraction) Nonreacting: O, =0%

Reacting: O, =15%

Chamber density (kg/m®) 22.8
Chamber temperature (K) 900, 1000
Fuel density at 300K (kg/m3) 877

simulated values are 510 us and 580 us with UConn-123 and
UConn-89 mechanisms, respectively. On the other hand, the
ERC-bio mechanism underpredicts LOL by about 50%, and the
predicted ignition delay is 220 ps. In simulations, ignition is said
to occur when temperatures are higher than 2000 K around the pe-
riphery of the jet. It is well known that LOL and ignition delay are
correlated [38], which is also observed in the present simulations.
Figure 5 also compares the average equivalence ratio at the
flame lift-off location between experiments and predictions. Pick-
ett and Siebers [6,7] showed that if the equivalence ratio at LOL
is less than 2, the total soot production can be reduced or even

inhibited. Thus, the average equivalence ratio at LOL not only .

provides information about local mixing but also is indicative of
the sooting tendency of the flame. Hence, it is important to predict
this value accurately. In experiments once the LOL is measured,
the average equivalence ratio is determined by averaging the

{a} OH-chemiluminescence

I
B
.

|

b =2.67

Fig. 5 Flame LOL predicted by the three mechanisms at 1.5ms
from SOl compared with the OH-chemiluminescence data from
Sandia [11]. The average equivalence ratio at flame lift-off loca-
tion is also indicated. The images from simulations plot the OH
mass-fraction contours at the same axial and radial scale as the
experimental images. .
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Table 3_ N_Ieasured [11] and predicted ignition delay using the
three biodiesel surrogate mechanisms discussed in context of
Fig. 5

Ignition delay (us)
Sandia data [32] 396
UConn-123 mechanism 510
UComn-89 mechanism 580
ERC-bio mechanism 220

equivalence ratio across a transverse line at the lift-off location
(white-dashed line) across the width of the flame, as proposed by

Siebers and co-workers [1,6,7,10]. The mechanism that predicts

the highest LOL is seen to predict the lowest average equivalence
ratio which is expected. The ERC-bio mechanism is seen to
grossly overpredict the average equivalence ratio value at the
lift-off location.

The liquid length and spray penetration matched well (cf.
Fig. 4) with the experimental data, thereby showing the model’s
capability to predict the mixing process. Hence, the overprediction
of flame LOL and ignition delay and the under prediction of aver-
age equivalence ratio for UConn-123 and UConn-89 mechanisms
could be due to either the uncertainties in the detailed mechanism
or the reduction errors in the skeletal mechanism. Since the MB
molecule is a saturated molecule with only five carbon atoms, it is
perhaps not an ideal surrogate for long-chained unsaturated bio-
diesel fuels. We believe that this may be one of the main reasons
for the predicted trends with this mechanism. Under the condi-

tions investigated, the UConn-123 mechanism seems to be most

accurate in predicting ignition delays and flame LOLs.

Figure 6 plots the measured [11] and predicted spray penetra-
tion with UConn-123 species and ERC-bio mechanisms, respec-
tively, as a function of time under reacting conditions described in
the context of Fig. 5. The spray penetration and liquid length are
substantially underpredicted by the ERC-bio mechanism. This is
surprising since the only difference between these simulations
is the choice of reaction mechanisms and the accompanying
thermodynamic data. The reason for these differences in spray
penetration is further analyzed in Fig. 7.

Figure 7 plots the computed temperature profiles at different
times ASI under conditions discussed in Fig. 6, using UConn-123
and ERC-bio mechanisms, respectively. Due to the axisymmetric
nature of the flow field, images are presented on a cut-plane
through the center of the fuel jet. The flame LOL and liquid length
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Fig. 7 Computed liquid fuel penetration and temperature contours predicted by
using UConn-123 and ERC-bio mechanisms, respectively, for the spray flames

plotted in Fig. 6

are marked by white solid and dashed lines, respectively, for one
case as an example. The spray axis is also demarcated, along with
the ignition kernels and liquid spray location. The field of view is
108 mm x 40 mm in the axial and transverse directions, respectively.
A zoomed view of the flame structure at 3000 us is also shown.

The difference in flame structure predicted by these mecha-
nisms is very apparent. Ignition occurs earlier with the ERC-bio
mechanism as seen by the ignition kernels at 250 us. At 500 us, a
fully developed flame is observed with the ERC-bio mechanism,
while the UConn-123 mechanism is yet to ignite. Consequently,
at 750 us and 1000 us, higher flame lengths were predicted with
the ERC-bio mechanism. Another interesting point to note is that
for the ERC-bio mechanism, an ignition kernel is established in
the liquid spray region. This implies that there is significant spray-
flame interaction (also seen at 3000 us) with this mechanism. The
hot flame enveloping the cold spray enhances the evaporation
rate, thus decreasing the spray penetration and liquid length as a
result of using the ERC-bio mechanism.

3.2 Comparison of RANS vs. LES Modeling Approaches. In
this section, standard RANS based approach are compared against a
high-fidelity LES based approach under nonreacting and reacting
conditions against both quantitative and qualitative data from Sandia
[11]. The standard modeling approach consists of using a coarser
minimum grid size with RANS based models (similar to studies
reported in literatures [4,12-14,17-22,37]), whereas, the high-fidelity
approach consists of using a finer mesh (such as 0.125mm) with
LES models. Smaller grid sizes were necessary with the LES model
for two reasons: (1) since a zero-equation Smagorinsky model is
being used, it is desirable that the subgrid scale modeling is reduced,
and (2) the possibility of accurately capturing the large-scale flow
structures is higher with a finer grid. The comparisons under
nonreacting conditions are presented first.

The conditions of the nonreacting experiments are shown in
Table 1, with the ambient temperature being 1000 K. The instanta-
neous experimental images obtained using Rayleigh scattering
imaging are shown on the left along with the time ASI and the
axial length scale. The field of view is 40 mm (i.e., from 17.5mm
to 57.5mm) x 20mm in the axial and transverse directions,
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respectively, and is consistent with the experimental images. Note
that the experimental contours pertain to a ratio between fuel—air
number densities (V/N,) whereas; simulations plot the fuel mass-
fractions. Fuel vapor penetration and dispersion can be clearly
seen from the experimental and simulation plots. Both RANS and
LES simulations predict the dispersion and vapor penetration
fairly well. However, marked differences in the spray structure
are clearly observed between RANS and LES cases. While RANS
predicts smooth, averaged profiles, the LES simulation is able to
capture the instantaneous structure well. However, the initiation
of instabilities on the surface seems to be occurring further down-
stream in the case of LES compared to the experiments. Spray dis-
persion seems to be marginally underpredicted by the LES model as
well. Early initiation of instabilities results in an early jet breakup
which can enhance the spray and vapor dispersion as well.

With the qualitative validation under nonreacting conditions
(cf. Fig. 8), RANS and LES models are now compared under
reacting conditions for NHPT. The test conditions simulated are
shown in Table 1. Figure 9 presents the evolution of temperature
contours with RANS and LES modeling approaches at an initial
ambient temperature of 1000 K. The white-dashed line demarcates
the predicted LOL at that time. There are several interesting dif-
ferences between the simulations:

(1) Ignition seems to occur earlier for the LES model with tem-
peratures higher than 2000K at 0.4 ms. This is expected
due to enhanced flow structure with the LES model.

(2) The temperature contours are smooth with the RANS model
which is expected since it predicts a time-averaged mean value
for the temporal variation. On the other hand, LES based on
filtering rather than averaging can capture the temporal fluctua-
tions of the same scale as the minimum grid size or higher.

(3) Volumetric auto-ignition is observed with the LES model,
and the flame seems to be stabilized as a result of the spon-
taneous ignition phenomenon, However, with RANS the
flame seems to be propagating upstream before being
stabilized. This is also shown with the change in LOL at
different times ASL The RANS model shows that the LOL
decreases with time; but the LES predicts only a minor
change in LOL. Pickett et al. [39] have shown that flame
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Fig. 8 Images comparing the equivalence ratio calculated using RANS and LES
models, respectively, against the experimental data from Sandia [11] under non-
reacting conditions
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Fig. 9 Comparison of predicted temperature contours calculated using RANS’:
(RNG k-g) and LES (Smagorinsky) turbulence models, respectively, at differen
times ASI
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Fig. 10 Measured [11] and predicted |gn|t|on delay vs. ambient
temperature for NHPT calculated by using RANS and LES
turbulence models, respectively

‘stabilization seems to occur as a result of successive auto-
ignition of the incoming fuel at the flame lift-off location

rather than by flame propagation upstream. Hence, the

results from the LES model clearly are more representative
of the actual spray combustion process.

(4) Quasi-steady LOL values predicted by both models are
very similar.

In Fig. 10, quantitative comparisons of predicted ignition delays at
different ambient temperatures by RANS and LES turbulence mod-
els are presented. The data for NHPT were obtained at Sandia [11].
The Lu et al. mechanism for NHPT was used for predicting ignition
delays for both turbulence models. It is clear that the LES model pre-
dicts lower ignition delay values which is perhaps because of the
enhanced flow structures. Also, under the conditions investigated it
seems that the LES model performs marginally better than the
RANS model in predicting ignition delays at different ambient tem-
peratures, Flame LOL validation is not presented since the quasi-
steady LOL value predicted by the RANS and LES models were
close and both agree very well with the experimental data.

3.3 Computational Scalability and Efficiency Analysis. The
last section examines computational efficiency and scalability of
the different reaction mechanisms discussed in Sec. 3.1. All the
simulations were performed on the FUSION cluster at Argonne
National Laboratory. This cluster has 320 compute nodes each
with 2.6 GHz Pentium Xeon CPUs and 36 GB of RAM. Each
node is a dual-socket, quad-core (eight processors per node)
resulting in a total of 2560 processors. Doubling the size of the
mechanism from 41 species (ERC-bio) to 89 species (UConn-89)
increases the computational time by three times, whereas tripling
to 123 species (UConn-123) results in an increase in computa-
tional time of about 6 times.

The computational efficiency and scalability per node plotted in
Fig. 11 are defined below

Scalability per node = ?— (6)
n
T; x 100
nT,
Linear scalability is shown with the black dashed line in Fig. 11(a).

Itis cle?rly seen that as the size of the mechanism increases (in terms
of species), the scalability per node decreases. Hence, ERC-bio and

Q)

Efficiency per node =
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Fig. 11 (a) Scalability and (b) computational efficiency per
node for the diesel and biodiesel surrogate mechanisms
discussed in the context of Sec. 3.1

Chalmers NHPT. mechanisms which consist of 41 and 42 species,
respectively, predict the best scalability whereas; the UConn-123
mechanism predicts the worst scalability. Due to the reduced scalabil-
ity with the larger mechanisms, it is not surprising that the computa-
tion efficiency is also lower. Consequently, ERC-bio mechanism
predicts the highest computational efficiency amongst the investigated
mechanisms. Since the UConn-123 mechanism did the best job in
predicting experimental trends, it is obvious that the higher fidelity
results are associated with greater computational cost.

4 Conclusions

This study focused on evaluating the use of realistic chemical
kinetic models for diesel and biodiesel surrogate fuels, and the
Smagorinsky based LES turbulence model. The following conclu-
sions can be drawn:

(1) Both Lu et al. and Chalmers mechanisms can well predict
the LOL and ignition delay characteristics of NHPT and
DF #2 fuels.

(2) The UConn-123 mechanism does the best job in predicting
biodiesel ignition delays and LOLs. This is not surprising
since the mixture of MD + MD9D + NHPT is a more real-
istic surrogate for biodiesel.

(3) The Smagorinsky based LES model captures the instanta-
neous soot contours under reacting conditions, equivalence
ratio contours under nonreacting conditions, better than the
RANS simulations.

(4) The LES model also predicts volumetric auto-ignition and
a fairly stabilized LOL, which is more realistic in these
conditions. In contrast, the RANS model predicts ignition
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kernels moving upstream, which is inconsistent with the ex-
perimental results from Sandia.

(5) Smaller mechanisms result in higher scalability and greater
computational efficiency at the cost of compromised accuracy
in the present simulations, while larger and more predictive
mechanisms, especially for biodiesel, are more expensive.
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Nomenclature

C, = Smagorinsky model constant (=0.2)
Cies = LES model constant (=2.0)
F; = source term due to drag on droplets (Pa)
P = pressure of gas mixture (Pa)
S = symmetric stress tensor (m*/s%)
T; = time taken to complete a simulation with i nodes (s)
T; = LES subgrid scale tensor (m%/s%)
Veen = cell volume (m3)
n = number of compute nodes
t = time (s)
u = gas velocity (m/s)
A = filter size (m)
0 = Kronecker delta
k = subgrid scale turbulent kinetic energy (m?/s?)
4 = dynamic viscosity (Pa-s)
p = density of the gas mixture (kg/m>)

Abbreviations

ASI = after start of injection
CI = compression ignition
ID = ignition delay
KH-ACT = Kelvin—-Helmholtz acrodynamics cavitation
turbulence-induced primary breakup model
LES = large eddy simulation
LOL = lift-off length
LTC = low-temperature combustion
MB = methyl butanoate
MD = methyl decanoate
MD9D = methyl 9-decanoate
NHPT = n-heptane
NTC = negative temperature coefficient
PaSR = partially stirred reactor
PLII = planar laser-induced incandescence
RANS = Reynolds-averaged Navier—Stokes
SMD = Sauter-mean diameter
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