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Abstract

Homogeneous Charge Compression Ignition (HCCI) engines promise better efficiency and cleaner emissions
than conventional piston engines, but can be challenging to control. Rapid compression machines (RCM)
provide a simplified configuration for investigating HCCI combustion behavior, which is necessary for effec-
tive control of engine ignition timing and peak pressures. In this study, we assess the utility of large eddy
simulations (LES) for predicting HCCI combustion in a 3-D configuration. To this end, LES with finite-
rate chemistry employing a 99-species iso-octane/air mechanism of two RCM operating conditions are per-
formed. The RCM configuration under consideration was designed by Strozzi et al. (Combust. Flame, 2019)
with a flat piston to introduce large amounts of thermal stratification representative of realistic HCCI en-
gine conditions, through the generation of corner vortices. It is shown that the simulation provides reasonable
agreement with temperature fluctuations (7% difference), as well as ignition delay in the short ignition case
(1 ms difference), while the long ignition case (35 ms difference) highlights more substantial deficiencies that
are still within the expected uncertainty from the employed chemical mechanism. Flame propagation modes
predicted by LES agree with experimental observations: spontaneous ignition is seen in the short ignition
case, while deflagration is more prominent in the long ignition case. Analysis of global and local quanti-
ties classify the short ignition case in a mixed ignition regime, and the long ignition case in the mild igni-
tion regime. These results demonstrate the utility of FRC-LES for investigations of multimode combustion
regimes of HCCI combustion in a 3-D configuration.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Homogeneous Charge Compression Ignition
(HCCI) engines can achieve high thermal effi-
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sure in HCCI engines involves introducing ther-
mal stratification, which extends the combustion
duration and lowers the peak pressure through
the different ignition timing of local hot and cold
gases [2]. Different levels of thermal stratification
have been demonstrated to also result in different
flame propagation modes through the predictive
criterion developed by Sankaran et al [3]. However,
precise control of HCCI can prove challenging due
to a lack of detailed understanding of negative-
temperature coefficient (NTC) and two-stage ig-
nition behavior encountered in low-temperature
combustion of realistic fuels, as well as the coupling
between fluid dynamics and combustion chemistry.

Rapid compression machines (RCM) have been
identified as canonical alternatives to optical en-
gines for investigating HCCI combustion [4]. Previ-
ous studies [5,6] have related global turbulent and
chemical timescales within experimental RCM con-
figurations with ignition regimes linked to local
flame propagation modes found in HCCI combus-
tion.

While RCMs with creviced pistons are typically
used to ensure homogeneous flow conditions, the
use of flat pistons have been demonstrated to gener-
ate large-scale flow structures that can result in the
thermal stratification seen in HCCI engines [7,8].
Ben-Houidi et al. [9] performed experiments in a
flat-piston RCM to demonstrate its suitability for
investigating HCCI combustion of heavy hydro-
carbon fuels (n-hexane and an n-heptane/methyl-
cyclohexane), to investigate ignition behavior in the
NTC regime. Results validate the existence of the
adiabatic core hypothesis in flat-piston RCMs, and
indicate additional uncertainty in ignition delay
calculations when the adiabatic core temperature
falls within the NTC range. The same group then
performed additional experiments with iso-octane
to demonstrate the suitability of RCMs, equipped
with optical access, for investigating HCCI flame
propagation modes [10].

Numerical simulations provide an alternative
method for investigating RCMs. Several stud-
ies [11,12] were conducted to demonstrate that
ignition delay predictions from non-adiabatic 0-
D homogeneous reactors agree well with multi-
dimensional simulations, even with the presence
of thermal stratification and multi-regime combus-
tion modes. However, temperature inhomogeneities
resulted in discrepancies in combustion duration
between 0-D and multi-dimensional simulations.
Stochastic reactor models can account for these
discrepancies, and have been demonstrated as a
low-cost simulation method for investigating the ef-
fects of mixture, temperature, and turbulent fluctu-
ations on RCM ignition delay and combustion du-
ration [13,14]. While these models can be applied
towards relating global turbulent quantities (such
as Damkohler number Da and turbulent Reynolds
number Re,) with autoignition behavior, high fi-
delity methods such as direct numerical simulations

(DNS) and large eddy simulations (LES) are re-
quired to rigorously investigate the interactions be-
tween flow dynamics and combustion chemistry, as
well as flame propagation modes, within RCMs.

Due to large computational costs, DNS of
HCCI combustion have typically been restricted to
2-D studies. Yoo et al. [15] performed 2-D DNS
with a 58-species reduced n-heptane mechanism to
demonstrate that thermal stratification was more
important than turbulence in the resulting HCCI
flame propagation mode. The same DNS dataset
was then used to develop a predictive criterion for
flame propagation modes based on chemical ex-
plosive mode analysis (CEMA) [16]. Luong et al.
[17] investigated a 2-D DNS database consisting
of nine different fuels to develop predictive criteria
for HCClI ignition regimes, by extending arguments
from Sankaran et al. [3].

LES provide a feasible approach for simulat-
ing 3-D flows found in experimental configurations.
Yousefian et al. [18] performed inert 3-D LES of a
creviced-piston RCM to demonstrate that 2-D sim-
ulations were largely valid for RCMs without large
flow structures. However, in RCMs with large-flow
structures, Lodier et al. [19] demonstrated that 3-D
fluid dynamics was important for capturing the ig-
nition modes, through LES and DNS, with single-
step chemistry, of a flat-piston RCM [20]. Bavandla
et al. [21] employed 3-D LES, with a 39-species
dimethyl ether (DME) mechanism, of a flat-piston
RCM to show that the accurate representation of
the compression stroke was required for capturing
RCM ignition behavior.

Under these contexts, the objective of this work
is to evaluate the utility of 3D-LES in investigat-
ing HCCI flame propagation modes of large hydro-
carbon fuels, within the NTC range, in an exper-
imental configuration. To this end, LES, employ-
ing an arbitrary Lagrangian-Eulerian [22] control
volume approach (for representing piston compres-
sion) and a 99-species iso-octane mechanism [23],
of a flat piston RCM configuration [10] is per-
formed. We present our methods in the next sec-
tion, LES configuration in Section 3, results in
Section 4, and conclusions in Section 5.

2. Computational methods

For the multi-dimensional simulations, we solve
the Favre-filtered conservation equations for mass,
momentum, energy, and chemical species:

ap+V-(pu)=0 (la)
9,(pu) + V - (pun) = —Vp+V - (T,1,) (1b)

¥ (pe:) + V- [u(pe; +p)l = V - [(Torr) - 1]
-V (q,,) (Ic)

3(PY)+ V- (BuYe) = =V - () + x (1d)
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with density p, velocity vector u, pressure p, spe-
cific total energy ¢;, stress tensor 7, and heat flux ¢,
Yk, ji» and @y are the mass fraction, diffusion flux,
and source term for the kth species, while subscript
vand ¢ denotes viscous and turbulent quantities, re-
spectively.

To account for mesh deformation during the
compression stroke, a finite volume approach with
an arbitrary Lagrangian—Eulerian scheme [22] is
employed for discretizing Eq. (1):

(¥ U)= ) (F' —F —F")4, ©)
S

with control volume ¥, face area A4, vector of
conserved variables U = [, pit, p¢;, pY]” from
Eq. (1), face-normal Euler flux vector F¢, and face-
normal viscous flux vector F”, which corresponds
to the right-hand-side of Eq. (1). F" is the face-
normal grid flux vector accounting for movement
of the control-volume’s boundaries.

Simulations are performed by employing an un-
structured compressible finite-volume solver [24].
Viscous fluxes are discretized using a nominally
4th-order scheme and a sensor-based hybrid spa-
tial discretization scheme is used for the Eu-
ler fluxes, as discussed in Ma et al [25]. A
Strang-splitting scheme is employed for time-
advancement, combining a strong stability preserv-
ing 3rd-order Runge—Kutta (SSP-RK3) scheme for
integrating the non-stiff operators with a semi-
implicit Rosenbrock—Krylov scheme [26] for ad-
vancing the chemical source terms. A 99-species
(with an additional 44 quasi-steady state species)
iso-octane mechanism [23], reduced from a de-
tailed 874-species mechanism [27], is employed for
representing combustion chemistry. This mecha-
nism was designed to represent lean HCCI com-
bustion and have been used extensively in previ-
ous DNS studies [28]. The reduced mechanism is
incorporated into the CFD solver using a Cantera
library interface [29]. For the reacting LES, the Vre-
man model [30] is used as closure for the subgrid-
scale stresses. Turbulence/chemistry interaction is
accounted for using the dynamic thickened-flame
model [31], employing a typical thickening factor
of 5, and maximum thickening factor of 10 dur-
ing late-phase combustion to resolve reaction zones
near the peak pressure. Parametric studies were per-
formed to show that this parameter does not affect
the ignition delay. Outside the flame region, both
turbulent Prandtl and Schmidt numbers are pre-
scribed at constant values of 0.9.

3. Computational configuration

We perform simulations of the experimental
RCM configuration of Strozzi et al. [10], featur-
ing a combustion chamber of size L, x L, x L. =
50 x 50 x 36.5 mm® (at top-dead-center (TDC),

a) t = —12.1 ms

60(})) t=—7.3ms 36

(¢) t=6.6 ms

0
@ [mm]

7 [mm]

@] [ms~"]
0 T [K] 10
1400 720

Fig. 1. Velocity (left, mirrored) and temperature (right)
fields on the deforming RCM [10] quarter domain of the
short ignition case at three time instances.

t = 0 ms) with a square cross-section, and a flat pis-
ton. The length of the chamber at the beginning
of the compression is L, = 456.3 mm, correspond-
ing to a compression ratio of 12.5. The piston ve-
locity during the compression phase is prescribed
on the deforming control volumes (Eq. (2)) fol-
lowing a sine function fitted to measurements [13].
To examine different flame propagation modes in
HCCI combustion, two cases are considered: (i) the
short ignition case and (ii) the long ignition case.
Both cases share the same initial temperature 7y =
294 £1 K, compression duration T, = 47.6 ms
and fuel/air equivalence ratio ¢ = 0.5. The initial
pressures for the short and long ignition cases are
po = 1.00 £ 0.07 bar and py = 0.65 & 0.07 bar, re-
spectively.

Fig. 1 presents the velocity and temperature
fields in the deforming domain of the short igni-
tion case for three time instances. A 0.56 M quarter
domain with two symmetry boundary conditions
is employed to reduce the computational expense
of simulating turbulent combustion with the 99-
species mechanism. A mesh convergence study and
simulations of the full domain with an inert mix-
ture were performed to demonstrate that the tur-
bulent flow field is not affected by this reduced do-
main. All other boundary conditions are prescribed
as isothermal walls with the initial gas temperature
setto T = Tp. The minimum cell length at the walls
was 0.08 mm corresponding to y* < 10, and the
domain stretches up to a maximum cell length of
0.6 mm.

To reduce computational costs in the 3-D sim-
ulations, non-reacting simulations were first per-
formed for the majority of the compression stroke
up until # = —3 ms, before beginning reacting sim-
ulations. This non-reacting duration was deter-
mined through an exhaustive parametric study per-
formed a priori, which demonstrated negligible ef-
fects to the ignition delay time. 3-D simulations are
performed using 1440 Intel Xeon (E5-2695) pro-
cessors. The solution is advanced using a typical
timestep of 120 ns, corresponding to a acoustic
CFL number of 1.0, with 0.11 ms of physical time
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completed in an hour wall clock time. Homoge- 10' —
neous reactor simulations were also performed via 90 : {40"8'5 ‘Exp.
. . = 2 n. s
Cantera. Wall heat transfer in these 0-D simula- 1034 :E ;--// é,mg gL“‘“t
tions was considered with the heat loss model by z |
Tanaka et al [32]. ; jgil T 346 e
E
4. Results é 104 . Exp, .(turrclntiun
5 —— LLNL-874
o0
. ) = —— LLNL-99
Fig. 2 compares the pressure evolution of the 10° Jerzembeck-203
two RCM cases from Section 3. For the short —— Chaos-116
ignition case, 0-D non-adiabatic simulations per- WA
0.7 08 0.9 1.0 1.1 1.2 1.3 14 1.5 1.6 1.7 18

formed with the LLNL 99-species (LLNL-99) re-
duced mechanism [23] shows slightly greater than
1 ms underprediction from experimental measure-
ments [13], while the LLNL-874 detailed parent
mechanism [27] shows less than 1 ms overpre-
diction. The LLNL-99 mechanism demonstrates
higher accuracy in ignition delay predictions than
the skeletal 203-species mechanism by Jerzembeck
et al. [33], which shows an overprediction of 20 ms.
As such, the LLNL-99 mechanism is employed for
the 3-D LES calculations.

Since 0-D non-adiabatic simulations show neg-
ligible differences in ignition delay timing from 3-
D LES, 0-D LLNL-99 simulations are performed
for conditions spanning upper and lower bounds
of the initial conditions (Section 3) to estimate the
uncertainty on the ignition delay. Results from this
study demonstrate significant sensitivity to small
perturbations in the initial conditions. Although
the lower range of the pressure profile demonstrates
that reducing the initial pressure (po = 0.93 bar) re-

100
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(a) Short ignition case.
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(b) Long ignition case.

Fig. 2. Comparisons of pressure evolution from simula-
tions of two RCM cases, with measurements [10].

1000/T [K~Y]

Fig. 3. Comparison of ignition delay time for four
iso-octane mechanisms with an experimental correla-
tion [34] at p = 20 bar. Shaded region falls within the stan-
dard deviation from the experimental scatter.

sults in better agreement with the TDC pressure
measurement (prpc = 27 bar), an increase in the
prediction of low-temperature/cool flame ignition
delay r,-fg""’ by 10 ms is observed. Thus, the selection
of an initial condition for the 3-D cases involves a
careful balance between uncertainties from initial
RCM conditions and inadequacies in the chemical
mechanism in capturing first-stage/cool flame igni-
tion [34]. In order to reduce errors in both first-
stage/cool flame ignition I-Z,OOZ and 2nd-stage/hot

flame rﬁ,"’ timing, we perform 3-D LES of the short

ignition case at nominal conditions of py = 1 bar,

which results in prpc = 29 bar, as well as 75 =

8 ms and r,g‘” = 19 ms, which are 5 ms greater and
1 ms less than the experiment, respectively. Follow-
ing the definition from the experimental study [10],

r,.’;,"’ is defined as the time of peak pressure gradient

d,p, while r,.;,""’l is defined as the time where d;p > 0
after TDC.

In the long ignition case, all simulations with
reduced mechanism show negligible differences
(prpc = 20 bar) with the experiment until TDC.
After TDC, all simulations demonstrate longer

ti;””’, greater pressure increase during the cool

flame, and shorter r,-’g’,"’ , when compared to the

experiment. Since these discrepancies are also
present, but less significant, in the 0-D simula-
tions employing the detailed LLNL-874 mecha-
nism, these results indicate a limitation of present
capabilities for modeling combustion chemistry in
the NTC range at lower pressures of heavy hy-
drocarbon fuels. This is consistent with the find-
ings from a previous study [34] involving low-
temperature combustion of iso-octane. Fig. 3 com-
pares adiabatic homogeneous reactor ignition de-
lay rlg, calculations, employing four mechanisms,
with an experimental correlation of 661 data points
from that study [34]. Large discrepancies between
chemical mechanisms and the experimental corre-
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Fig. 4. Comparison of short ignition case CH,O PLIF
measurements [10] with normalized Ycyoo field from LES
during the cool flame period.

lation are observed in the NTC range, with errors in
LLNL-99, LLNL-874, and Jerzembeck-203 mech-
anisms near or within the standard deviation (34%)
at TDC mean temperature ((7) = 686 K). The 116-
species mechanism by Chaos et al. [35] shows signif-
icant overprediction in ignition delay at high tem-
peratures, and does not ignite at the investigated
temperature. In Fig. 2, 3-D LES calculations show
negligible differences from 0-D non-adiabatic sim-
ulations, with discrepancies in the rate of pres-
sure increase after 7. The slower rise in pressure
in the long ignition LES indicates deflagration as
the dominant flame propagation mode, while the
faster rise in pressure in the short ignition LES indi-
cates substantial presence of spontaneous ignition
modes.

Fig. 4 compares formaldehyde (CH,O) PLIF
measurements [10] with normalized Ycy,0 flow-
fields from the centerline plane from the short ig-
nition LES. To compare the experiment with LES
under slightly different cool flame timing and du-
ration, we present the flowfields at times based on
the normalized change of pressure ((Ap/prpc),
where Ap = p— prpc. Fig. 4a show inhomoge-
neous CH,0 fields during the start of the cool
flame, which results from thermal stratification seen
within this RCM configuration. Cool flame igni-
tion occurs first in local hot zones away from the
cold gas regions (also seen in the temperature field
in Fig. 1). Fig. 4b shows that the onset of hot igni-
tion occurs in the local hot regions, where CH,O
formation first occurred, in both experiment and
LES, indicating the existence of an adiabatic core
in the short ignition case.

To evaluate LES predictions for turbulent and
temperature fluctuations, which can impact hot
flame ignition behavior [13,14], we present tur-
bulence intensity u#'/U.,,, and normalized (with
volume-averaged Jemperature) temperature fluctu-
ation (T"2'2/(T)rpc in Fig. 5. Here, two dif-
ferent turbulent modeling approaches are consid-
ered namely, the Vreman [30] subgrid-scale model
and implicit LES. For both approaches, the tur-
bulence intensity is evaluated from turbulent ve-
locity «' = (k)!/? and piston velocity scale Uy, =

—47.6-40.0 —30.0 —20.0 —10.0 0.0 10.0 18.0
Time [ms]

Fig. 5. Turbulence intensity u'/Ucymp and temperature
fluctuation (772)!/2 for short ignition LES prior to hot
ignition.

L. /Tcomp, while turbulent kinetic energy (k) is evalu-
ated through volume-averaging along i, , . assum-
ing isotropy for i, in order to separate the ef-
fect of compressive strain from (k). Turbulence
is seen to increase with piston motion: LES tur-
bulence intensity peaks (#/'/Ucomp ~ 0.11) at t =
—5 ms slightly after the peak mean compression
strain rate (at t = —7 ms) before decaying with
the decelerating piston. Turbulence is seen to de-
cay faster in the implicit LES. In contrast, the
choice in turbulence modeling is shown to have
negligible effects on (T"™)V2/(T)7pc. In the non-
adiabatic cases, (772)12/(T)zpc increases rapidly
with increasing piston motion, but increases at a
slower rate while turbulence decays, before increas-
ing rapidly with cool flame ignition, with LES
temperature fluctuation (T//2>'T/f)c (TYrpc = 0.065
showing a_7% differgnce from temperature fluc-
tuation ((T//2>1T/[2)C (T)rpc = 0.07) from the cor-
responding experimental measurement [9]. Tem-
perature fluctuations are not observed at any in-
stances in the adiabatic case. Comparisons between
the non-adiabatic inert and reacting Vreman cases
demonstrate negligible differences for both turbu-
lent and temperature fluctuations prior to rfg"”’ =
8 ms. This lends support for the experimental anal-
ysis [8], where temperature fluctuations from PLIF
measurements of an inert RCM configuration was
used to predict local flame propagation modes of a
corresponding reacting methane/air mixture.

Table 1 compares the turbulent and chemical
quantities extracted from reacting LES of both
short and long ignition cases. Turbulence inten-
sity (U pc/Ucomp ~ 0.1) and and large-eddy length
scales (/7pc/Ly ~ 0.4) in this flat piston case are
each approximately four times larger than esti-
mated values [5] of creviced piston RCMs. These
large values are consistent with experimental veloc-
ity measurements [8] and large scale flow structures
observed in flat piston RCMs. This results in turbu-
lent Reynolds numbers Re, = («'/)/{v) (evaluated
with mean viscosity (v)) that are approximately an
order of magnitude larger than creviced pistons.
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Table 1 Short Ignition Case

Turbulent and chemical quantities extracted from RCM
LES, with ignition regime classification [5]. Reported ex-
perimental values [10] are shown in parenthesis, with T de-
noting values [8] from a different compression ratio of 18.

Case Short ign. Long ign.
r/.’;;” [ms] 19.3 (20.2) 38.2(73.5)
rli,"”’ [ms] 7.8 (2.5) 11.4(1.9)
Uy pe/ Ueomp 0.1 (0.08") 0.11 (0.08")
Irpc/Lx 0.40 0.36

Ty, 7pc [ms] 23 18

Re; [—] 8200 5000
Da[-] 1.2 0.40

&[] 0.02 —0.11

Ign. Regime Mixed Mild

By comparing Re, with the Damkohler number
Da=r1, /f,.(;,, evaluated as the ratio of large eddy
timescale t, = / /4’ and ignition delay of a homoge-
neous reactor rf;,, the ignition regime [5] of the two
RCM cases can be identified. This can be done with
the evaluation of the ratio & = log(Da)/log (Re,),
which places the long ignition case in the mild igni-
tion regime (¢ < 0), where deflagaration modes are
prominent, and the short ignition case in the mixed
ignition regime (0 < & < 0.5), where both deflagar-
ative and spontaneous ignition modes occur in the
same domain. This classification is consistent with
the different rates of pressure increment between
the two cases, during hot ignition, as seen in Fig. 2.

We evaluate the normalized flowfield of planar-
integrated OH mass fraction Yy from both LES
cases, to make qualitative comparisons of hot igni-
tion behavior with experimental broadband chemi-
luminescence measurements [10]. This analysis is
commonly used when making qualitative com-
parisons between hot flame markers from LES
and measurements in internal combustion engine
studies [36,37]. Fig. 6a,b compares the hot flame
ignition behavior between LES and the experi-
ment in the short ignition case over the hot flame
period. Near the start of the ignition (Fig. 6a)
high-temperature reactions occur at regions close
to the location of first ignition (see Fig. 4b).
Fig. 6b shows that high-temperature reactions oc-
cur rapidly throughout the combustion chamber
in both LES and the experiment in a short pe-
riod of time (0.8 ms), which is indicative the exis-
tence of spontaneous ignition propagation modes.
Fig. 6¢,d provides a qualitative comparison of the
hot flame ignition behavior between LES and the
experiment, at two instances, for the long ignition
case. Since a discrepancy exists in the heat release
behavior when comparing LES and experiments
between the end of the cool flame and the start of
the hot flame, the reference time used here is based
on the change of pressure at a reference pressure
Drer> Which is the minimum pressure after the cool

flame period (p;} = 19.1 barand p.* = 21.2 bar).

(a) trey = t(Ap/prpc = 0.27)
Long Ignition Case

(b)tres + 0.8 ms

36
27
18

[mm]

¥4

9

0 | AN o PISLOWL
—25.0-12.5 0.0 12,5 25.
2 [mm]

(€) treg = f’<Ap/I)T€f =0.11)

(d) trep + 0.9 ms

Fig. 6. Comparison of broadband chemiluminescence
measurements [8] with normalized LES planar-integrated
Yoy for short and long ignition case, during the hot
flame period.

Fig. 6¢ shows that hot ignition kernels form at
random locations within the combustion chamber
for both experiment and LES, before growing and
merging, as shown in Fig. 6d, at a slower rate than
the short ignition case. Slow flame propagation in
the long ignition case indicate deflagaration as the
dominant mode. Despite the discrepancy in quan-
titative predictions in Fig. 2, LES is able to capture
similar flame propagation behavior as the experi-
ment.

To investigate flame propagation modes in both
cases, we evaluate the Sankaran number [3] Sa =
BSL/S,, where Sa > 1 indicates deflagaration, and
Sa < 1 indicates spontaneous ignition propagation.
Sa is a function of the laminar flame speed S;,
spontaneous ignition propagation speed Sps and
weighting factor g = 1. S,, = (18rzIVT[)™" is
related to the temperature gradient and homoge-
neous reactor ignition delay through Zeldovich’s
theory [38]. As performed in other works [15,23],
laminar flame speeds S; = 0.32 ms™! and S; =
0.34 ms~! for short and long ignition cases, respec-
tively, were evaluated through transient 1-D simu-
lations. Fig. 7 compares temperature, temperature
gradient, and ignition delay gradient fields between
long and short ignition cases, at 1% heat release
rate (f = 18.1 ms and ¢ = 35.1 ms for short and
long ignition cases, respectively). Spontaneous igni-
tion modes, predicted by Sa< 1, are shown in black
hatches, and occur more prominently in the short
ignition case in gases where |8Trl-2,| and ||VT|| are
low. Given that temperature gradient flow fields for
both short and long ignition cases are compara-
ble in magnitude, the difference in dominant flame
propagation modes between the two cases arises
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Fig. 7. Centerplane temperature, temperature gradient,
and ignition delay gradient fields at 1% heat release rate.
Regions with spontaneous ignition mode, predicted by
Sankaran number (Sa < 1), are shown in black hatches.
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Fig. 8. Temporal evolution of 3-D LES mean displace-
ment speed (S7) after kernel formation time e -

from the difference in |07 rl.(&’,l, which in turn arises
from different the pressure conditions.

To further examine the flame propagation
modes of both cases, we compute the density-
weighted displacement speed S* =[b.—V -
(ﬁiﬁc.)]/(ﬁ”lVi”(.lD, which has been used to iden-
tify flame propagation modes in 2-D DNS [15,23].
The density of the unburnt p, gas is evaluated
with the enthalpy and pressure of the corre-
sponding burnt gas. S} is evaluated at the isoline

Y. = Yco2 + Yco = 0.08, which corresponds to
the maximum heat release rate. Fig. 8 shows
that both short and long ignition cases demon-
strate non-monotonic behavior similar to 2-D
DNS [15,17,23], which is a result of thermal run-
away by heat release in the early-phase ignition
kernels and compression heating during late-phase
combustion. Outside of initial thermal runaway

and compressive heating, the long ignition case
exhibits deflagrative combustion, indicative of the
mild ignition regime. The short ignition case ex-
hibits deflagaration before ¢ — #,e; = 0.8 ms, after
which spontaneous ignition becomes dominant,
indicative of the mixed ignition regime. Kernel
formation time fy,,,.; for short and long ignition
cases are tieme = 17.9 ms and tppne = 34.5 ms,
respectively. These results are consistent with the
non-dimensional analysis presented in Table 1 and
the predictive Sankaran criterion shown in Fig. 7.

5. Conclusions

LES, incorporating an arbitrary Lagrangian-
Eulerian control volume approach [22] and finite-
rate chemistry, of a lean premixed iso-octane/air
mixture in an RCM configuration [10] is per-
formed. Initial conditions for the two cases were se-
lected to match two experimental conditions with
different modes of flame propagation in HCCI
combustion.

For the short ignition case, reasonable agree-
ment is observed for the temperature fluctuations
(7% difference), as well as cool-flame (5 ms differ-
ence) and hot-flame (1 ms difference) ignition be-
havior. Observed differences between LES and the
experiment is explained by uncertainties from the
initial conditions, and deficiencies from the low-
temperature chemistry in the NTC range. In con-
trast, more substantial deviations (35 ms) in ig-
nition timing are observed for the long ignition
case, which can be attributed to inadequacies of
the chemical mechanism in the NTC regime. How-
ever, comparisons with an experimental correlation
demonstrate that the difference in ignition delay fall
within the expected uncertainty within the NTC
regime. Nevertheless, these results point to the need
for chemical mechanisms that can accurately cap-
ture low-temperature chemistry of iso-octane.

Comparisons between experimental chemilumi-
nescence imaging and integrated-OH LES fields
shows that the simulation captures modes of flame
propagation observed experimentally: the substan-
tial presence of spontaneous ignition for the short
ignition case and of deflagaration for the long igni-
tion case. These flame propagation modes were fur-
ther examined by evaluating the Sankaran number.
Local flame propagation modes have been related
to RCM ignition regimes through global analysis
of turbulent and chemical non-dimensional num-
bers, as well as local analysis of displacement speed,
in both short ignition (mixed ignition regime) and
long ignition (mild ignition regime) cases.

These results demonstrate the utility of 3-D
LES for capturing and investigating multi-mode ig-
nition and combustion processes of heavy hydro-
carbon fuels in HCCI engines arising from thermal
stratification. The substantial sensitivity to initial
conditions, shown via homogeneous reactor calcu-
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lations, indicate that 3-D LES should be combined
with ensemble simulations to capture the resulting
variability. These ensemble calculations should be
feasible in the near future with the growth of com-
putational power.
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