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Abstract:

The ignition behavior of n-dodecane micro-pilot spray in a lean-premixed methane/air charge was investigated in
an optically accessible Rapid Compression-Expansion Machine at dual-fuel engine-like pressure/temperature
conditions. The pilot fuel was admitted using a coaxial single-hole 100um injector mounted on the cylinder
periphery. Optical diagnostics include combined high-speed CH,O-PLIF (10kHz) and Schlieren (80kHz) imaging for
detection of the first-stage ignition, and simultaneous high-speed OH* chemiluminescence (40kHz) imaging for high-
temperature ignition. The aim of this study is to enhance the fundamental understanding of the interaction of methane
with the auto-ignition process of short pilot-fuel injections. Addition of methane into the air charge considerably
prolongs ignition delay of the pilot spray with an increasing effect at lower temperatures and with higher methane/air
equivalence ratios. The temporal separation of the first CH,O detection and high-temperature ignition was found
almost constant regardless of methane content. This was interpreted as methane mostly deferring the cool-flame
reactivity. In order to understand the underlying mechanisms of this interaction, experimental investigations were
complemented with 1D-flamelet simulations using detailed chemistry, confirming the chemical influence of methane
deferring the reactivity in the pilot-fuel lean mixtures. This shifts the onset of first-stage reactivity towards the fuel-
richer conditions. Consequently, the onset of the turbulent cool-flame is delayed, leading to an overall increased
high-temperature ignition delay. Overall, the study reveals a complex interplay between entrainment, low-T and
high-T chemistry and micro-mixing for dual-fuel auto-ignition processes for which the governing processes were

identified.
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1. Introduction

Combustion of lean premixed natural gas in internal combustion engines is attracting considerable attention as an
alternative to diesel operation due to significantly reduced particulate and NO, emissions at comparable efficiencies.
While favorable from a knock resistance perspective, the low reactivity renders reliable ignition of lean premixed charges
very difficult. Aside pre-chamber ignition systems widely used for lean premixed natural gas/air combustion in engines,
ignition by means of a micro-pilot injection of a high-cetane liquid fuel constitutes an interesting alternative to ensure
successful combustion initiation. Various studies using such “dual-fuel” approaches are documented, reporting a tradeoff
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between low emissions of unburnt hydrocarbons and low emissions of NOy and soot. Higher portions of pilot fuel
improve complete combustion of the premixed fuel but strongly increase soot and NO, [1, 2]. With shorter pilot
injections, engine performance can deteriorate due to the high sensitivity of ignition delay (ID) to changes in
concentration of premixed methane [1], leading to large heat release fluctuations and possible misfire. Improved
understanding of the impact natural gas exhibits on the pilot fuel ignition process is therefore of paramount importance to
reliably control ignition in lean-burn premixed engines. Aside full-metal engine investigations, only few experimental
studies are reported with optical access allowing for further detailed characterization of dual-fuel combustion. This is
predominantly due to the fact that many conventional constant-volume combustion rigs cannot use premixed charges due
to the pre-combustion event required to reach engine-relevant conditions. Experiments are however reported for optical
engines and Rapid Compression (Expansion) Machines, RC(E)M, e.g. [1, 3-7] and references therein. These optical
investigations of dual-fuel combustion mostly focused on the detection of ID [6, 7], flame luminosity [3-5, 7] and sooting
propensity [4]. A common feature observed is the considerable prolongation of the pilot fuel ID in the presence of

methane in the compressed charge [1, 5-7].

Recently fundamental aspects of two-stage auto-ignition of fuels under diesel-engine conditions have received
considerable attention, both experimentally in constant-volume chambers [8] and numerically for droplet auto-
ignition [9] and auto-igniting jets [10]. The interaction of low-T and high-T ignition with turbulence was studied in
detail [10, 11]. Both the low-T and high-T ignition in fuel-rich conditions were seen to be considerably accelerated
compared to homogeneous reactor (HR) counterparts due to the turbulence-governed transport of radicals and heat from
very lean (and therefore hotter) regions. This process was denoted as ‘cool-flame wave’ as presented in [11]. In the
context of fundamental numerical dual-fuel ignition only few studies exist: specifically, the ignition and transition to a
premixed flame of a n-heptane/methane-air mixture were studied for a laminar mixing layer [12] and for n-heptane
droplets in homogeneous isotropic turbulence [13]. Nonetheless, the understanding of the effect of methane on the auto-

ignition mechanism is still rather limited.

The scope of this investigation is to shed light on the fundamental ignition characteristics of pilot-injections in dual-fuel
applications. Two aspects are different compared to previous diesel-type two-stage auto-ignition studies: (1) short
injection duration, and (2) methane-containing oxidizer. The first results in a positive dwell (ignition occurs after End Of
Injection, EOI) and progressive leaning-out of the mixture while the second leads to differences in chemical behavior.
Optical diagnostics involving simultaneous high-speed CH,O—PLIF, line-of-sight hydroxyl chemiluminescence (OH¥*)
and Schlieren imaging complemented with dedicated HR and 1D-flamelet calculations have been applied to provide

fundamental insights w.r.t. the influence of methane and its interaction with mixing on the auto-ignition process. To the



authors’ best knowledge, this is the first study to analyze experimentally and numerically the relation between the two

stages of ignition for dual-fuel combustion.

2. Experimental setup

2.1. The rapid compression-expansion machine (RCEM)

An optically accessible RCEM with cylinder bore of 84mm, flat piston and maximal stroke of 249mm was used to
compress methane/air charge and achieve engine-like conditions. A detailed description of the machine is available in

[14].

The combustion chamber was designed to provide a maximal unobstructed path to enable studying of single pilot sprays.
A solenoid injector with a 100um single conical coaxial nozzle was mounted on the cylinder periphery (Smm below the
flat cylinder head, 42.5mm from the cylinder axis and inclined 5° towards the piston). Detailed information on the
RCEM combustion chamber geometry and operation strategy is available in [15]. Methane/air mixture was conditioned
in the combustion chamber by injecting methane after the air filling process was completed. Rapid compression was
initiated after sufficient time for mixing of methane. Charge boundary conditions were carefully investigated: flow
conditions are nearly-quiescent throughout the cycle [14] and homogeneity of methane/air mixture equivalence ratio
(standard deviation 6=0.067) was confirmed by application of tracer-PLIF [15]. Charge temperature is precisely

controlled to ensure high temperature homogeneity (6=3K) before compression [6].

2.2. Experimental conditions

The RCEM was operated with a compression ratio of 20 and 1.2bar charge pressure before compression. At hydraulic
Start of Injection (SOI) the pressure was 25bar and the temperature Tgo =770, 810 and 850K, at cylinder wall
temperatures of 343, 363 and 383K. Cylinder charge consisted of air mixed with different concentrations of methane —
change of Tso; caused by the change of charge isentropic coefficient was estimated <6K and was neglected in the further

study.

n-Dodecane was used as a non-fluorescing diesel-surrogate pilot fuel. Injection parameters were kept constant: 600bar

pressure, 580us hydraulic duration, total injected mass 1.18mg.

A total of ten repetitions have been carried out for all operating conditions.

2.3. Optical diagnostics
Optical access into the RCEM combustion chamber is provided along the piston axis through 52mm diameter windows
in the cylinder head and piston. Laser sheet access is offered by an additional 36mm window, mounted in the cylinder

head diametrical to the injector. The layout of the optical setup is sketched in Figure 1. High-speed imaging of CH,0-
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PLIF, Schlieren and OH* was employed simultaneously along the same optical axis to temporally resolve low-T and
high-T ignition of a single combustion event. Low-T reactivity products were detected by CH,O-PLIF and high-T
ignition by OH*, while Schlieren imaging provided information on the spray boundary before ignition. Dichroic mirrors
separated short-wavelength CH,O-PLIF and OH* signal from the Schlieren beam. All devices were synchronized to the

electronic start of injection (0.36ms before hydraulic SOI).

Nd:YAG X O \ Laser sheet 32 mm x 0.5 mm
7.5 mJ @ 355 nm

Dichroic mirror
(HR 350 - 500 nm)
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Schlieren detection

Dichroic mirror
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Figure 1: Schematic of the RCEM geometry and optical arrangement for simultaneous CH,O-PLIF, OH* and Schlieren
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2.3.1. Schlieren

Schlieren imaging was performed at a frame rate of 80kHz. A fiber-coupled pulsed laser diode (wavelength 690nm)
illuminating a ground-glass plate close-coupled to a Imm pinhole was used to generate a point light source. The light
was collimated using a 400mm focal length achromatic lens and directed along the cylinder axis through the combustion
chamber. The collimated beam was refocused using an identical achromatic lens. An aperture was used as Schlieren
cutoff at the lens focal point and passing light was detected with a high-speed camera (1ps exposure, 0.16mm/pixel
projected pixel size). The diameter of the light source and Schlieren cutoff aperture (3mm) were selected to achieve
optimal contrast of the images as in comparable studies [7, 8, 16]. Due to hardware obstructions between the RCEM

piston and mirror, the region closer than 22mm to the injector orifice is not visible.

2.3.2. CH,;0-PLIF

The formaldehyde fluorescence was excited at 355nm with a 10kHz diode-pumped Q-switched Nd:YAG laser
(Edgewave IS400, 7.5ml/pulse). A laser sheet was directed towards the injector orifice with inclination of 3.5° relative to
the cylinder head. This optimal position of the laser sheet was determined based on tomographic detection of the ignition

location, accounting for fuel-jet compression by the moving piston during the auto-ignition period.

On the detection side, radiation in the wavelength range of 350-500nm was separated from the Schlieren beam with a
dichroic beamsplitter plate. The bandpass-filtered PLIF signal (400-480nm) was detected with an image intensifier

coupled to a high-speed camera (projected pixel size 0.11mm/pixel); intensifier gate of 100ns and
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37 counts/photoelectron gain were used. Image flat-field correction was performed based on the tracer-PLIF images of
homogeneously seeded TMPD vapor in nitrogen atmosphere. The pulse energy fluctuations were corrected by measuring

the intensity of a sampled laser beam using a fast photodiode and a SRS Boxcar integrator.

Well-known interference by PAH [17, 18] and soot incandescence [19] does not affect low-T ignition detection by the
CH,O-PLIF. Some interference by the fuel-impurities was observed: in the liquid spray region the interference reached
up to 15% of the maximum CH,O signal. In the interpretation of results, this interference was distinguished from the
CH,O0 signal by the temporal and spatial location criterion. The source of impurities in fuel was attributed to deposits of
previously used fuels in the fuel supply system based on fluorescence spectra comparison from samples of fresh
n-dodecane, n-dodecane from the fuel system and diesel. A thorough cleaning of the fuel system improved this issue only

temporarily.

Skeen at. al. [8] argued that CH,O-PLIF imaging at 10—12kHz frame rate does not suffice to reliably capture the low-T
ignition event. The conditions of interest of this study result in 2—4 times longer ID than the ECN “Spray-A” [20] and are
therefore less stiff regarding the required temporal resolution for ignition detection. A combustion event from the first
CH,O0 appearance to high-T ignition was resolved by 4—6 images. The capability of simultaneously applied high-speed
Schlieren imaging for the first-stage ignition detection between the CH,O-PLIF frames was considered [8]. However,
under some conditions CH,O first appears closer than 22mm from the injector in a region not accessible for Schlieren

imaging. Therefore we report the first-stage ignition as detected by CH,O-PLIF.

2.3.3. OH* chemiluminescence

Chemically excited OH* in the wavelength range of 313+13nm was acquired at 40kHz using a second intensified high-
speed camera at image resolution of 0.18mm/pixel. Intensifier gate was kept at 20us and gain adapted to the brightness
of flame emission under different conditions (9—45 counts/photoelectron). The UV radiation was separated from the
Schlieren beam using a 308nm 45° laser mirror. Contrary to the cross-sectioned CH,O-PLIF first-stage ignition
detection, OH* imaging records integrated signal along the line-of-sight and detects ignition spots over the whole jet

volume.

Chemiluminescence of CO,* may contribute considerably to the overall OH* signal, especially under lean conditions at
high pressure [21]. In [21] a different temporal evolution of signal contribution of both species in HCCI combustion
event has been reported under their leanest investigated conditions. Nevertheless, first chemiluminescence emission of
both species was reported to appear simultaneously at ignition and therefore their relative contribution is believed to play
a minor role in the ID detection. Also the interference of soot incandescence does not affect the high-T ignition detection
by OH*.
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3. Numerical methodology

Unsteady flamelet equations are solved to explore the influence of methane addition on the auto-ignition characteristics
and to provide qualitative insight on the various time-scales and combustion modes involved. The Lagrangian flamelet
model adopted here is to be interpreted as a first-order approximation framework representing the temporal history of the
conditional statistics of a flow cloud as it progresses within the jet until it ignites. Conditional fluctuations in thermo-
chemical states and Scalar Dissipation Rate (SDR) were neglected (first-order closure assumption) but compression

heating was included.

The conditional SDR is prescribed with a logarithmic expression from [22] introducing a Z.x dependency, which is
derived for a mixing layer with limited fuel availability and ensures the SDR tends to zero at mixture fraction boundaries
7Z=0 and Z=Z,,.. This is particularly important for the pilot-injection test cases considered here exhibiting positive
ignition dwells: at the time of ignition the jet has already undergone a considerable level of large-scale mixing and the
most reactive mixture fraction (based on homogeneous reactor calculations, discussed below) has already disappeared
therefore the mixture fraction with the highest reactivity typically coincides with the instantaneous Z,,,,. The prescribed
conditional SDR profile is adjusted time-dependently scaled by its value at stoichiometry y=<y|Z=Zs> (Zs based on a
n-dodecane/air mixture), representing SDR levels experienced by a cloud around the igniting fluid particle in a

Lagrangian sense.

Conditional profiles are initialized applying mixing between n-dodecane with different methane-air mass fractions (at

7Z=0) and the temperature was determined by adiabatic mixing based on enthalpies of oxidizer and liquid-phase fuel.

The flamelet model is coupled with the reduced n-dodecane chemical mechanism by [23] (130 species and
2323 reactions). The choice of kinetics is motivated by findings reported in [24], constituting a comprehensive
assessment of chemical mechanisms focused on n-dodecane/methane-air blends at dual-fuel engine conditions, where

high-fidelity shock-tube data is scarce.

4. Results and discussion

4.1. Influence of methane on pilot fuel ignition delay

At diesel engine-like conditions, low reactivity of methane (cetane number ~0) in comparison to n-dodecane (cetane
number 76) suggests no chemical involvement of premixed methane in the initial stages of n-dodecane auto-ignition.
Nonetheless, literature suggests a considerable increase of the pilot fuel ID in presence of premixed methane [5-7]. We
systematically investigated the methane influence on pilot fuel auto-ignition. Figure 2 presents the dependence of first-
stage and second-stage ID on methane/air equivalence ratio and Tso;. Low-T ignition was defined as first appearance of

CH,O-PLIF signal exceeding a threshold of 100 counts (approximately 7% of maximal intensity in the cycle).
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Interference by fuel fluorescence has been detected and eliminated based on the temporal evolution of CH,O signal and
presence of liquid spray region. High-T ignition was defined by the OH* signal exceeding a threshold of 40 counts in
area larger than 60pixel®. This threshold corresponds to the lowest intensifier gain and was increased proportional to the
gain for other cases. Sensitivity analysis of the threshold showed minimal influence on the detected ID. Therefore, both
CH,O-PLIF and OH* thresholds were set at a minimum value which ensured reliable discrimination of the signal from
noise. Pressure-trace based detection of low-T and high-T heat release rate agreed well with ignition times detected by

the optical methodology.

We observed up to 50% prolonged high-T ID in the presence of methane (Figure 2a). This influence was found
augmented with increasing methane concentration and with decreasing temperature as seen also for n-heptane in
methane/air in [7]. Low-T ignition delay (Figure 2b) follows same trends as high-T ignition. The time separation of high-
T and low-T ignition (Figure 2c) was in the range of 400-550us for all investigated ¢cus and Tsop with a trend of
increasing for higher ¢cy4. Considering up to 600us prolonged high-T ID, this indicates that methane most significantly
influences the low-T ID (70-80% of the total increase). The effect of methane appears to diminish after onset of low-T
reactivity. Same characteristic methane impact on ignition was observed also under additional investigated conditions

with variation of the injection duration and charge oxygen content (not shown here).

1.8 1.2
gl'i B ——Too=770K
S Qo8 0 _o-T. =810K
F12 - sol
S 206 6T, =850K
£ 1 S sol
0.8 0.4 _
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Methane @ [-] Methane & [-] Methane @ [-]

Figure 2: (a) High-T ID dependency on ¢cns and Tso,. Error bars show the standard deviation of ID. (b) Dependence of Low-T
ID, and (c) dependence of respective High-T and Low-T ID difference, on ¢cpqs @and Tso

4.2, Ignition process in the pilot-fuel jet

The investigated auto-ignition process is characterized by methane-containing charge and positive ignition dwell. A
classical short diesel injection (Tso=770K/¢cps=0) and dual-fuel (850K/dpcy4=0.66) combustion events are compared by
means of temporal evolution of CH,O distribution. Observed features were similar for the 10 recorded experimental
repetitions. Figure 3 illustrates the evolution of CH,O-PLIF signal overlaid by contours from Schlieren (black/white) and
OH* (red contour) imaging from single combustion events. The high-T ID of chosen cases is nearly the same. Tso; was
increased from 770 to 850K to achieve same ID with ¢cys=0.66, enabling a comparison of ignition under similar

equivalence ratio and turbulence conditions.
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Figure 3: Raw CH,O-LIF image time sequence. Dashed black/white contour denote jet boundary detected by Schlieren. Red

contour shows regions with detected OH*. Conditions: Tso;=770K/¢¢cps=0 (left), Ts0,=850K/pcn4=0.66 (right)

For the diesel case (left panels, 770K/dc4=0) initial low-T reactivity is detected at 0.74ms at the spray boundary in the
wake of the spray head, similarly as reported in [17]. PLIF signal on the panel at 0.64ms originates from the liquid spray
interference. After first appearance the low-T reactions continue to spread along the jet periphery (0.84ms) and towards
the spray axis until the whole wake of the jet (except the spray tip) has reacted (0.94ms). It takes until 1.14ms for the last
zones at the spray tip to react, which also coincides with the time of high-T ignition in a zone upstream of the spray tip.
Ignition zone corresponds to the spray region which showed an early appearance of high CH,O signal at 0.94ms. The
considered diesel case is similar in terms of injection duration (only first injection) and ID studied in [17], where the
spray ignition also occurred upstream of the spray tip. Based on the temporally resolved CH,O distribution presented
here we speculate that ignition takes place upstream of the fuel richest conditions due to the slow spreading rate of the
low-T reactivity under the investigated conditions. This is different than in case of a long injection, where strong
convection shifts initial low-T reactivity products towards the spray tip and therefore inhibits the low-T reactivity in the

upstream regions.

The location of initial low-T reactivity and its spreading along the spray periphery of the dual-fuel case (right panels,
850K/pcus=0.66) is similar as in the diesel case. However, first CH,O is detected 100us earlier (0.64ms). Comparing the
rate of CH,O-PLIF spreading between 0.64-0.94ms, the dual-fuel case shows qualitatively faster propagation. Low-T
products reach the spray tip already 0.2ms before high-T ignition at 1.14ms. Contrary to the diesel case, ignition occurs
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at the spray tip. At 1.04ms lower CH,O signal is observed than on previous frame, indicating start of thermal runaway
over a broad fuel-rich region, confirmed by rising contrast on Schlieren images (not shown). The remaining CH,O at
1.14ms and 1.24ms aSOl is detected in two distinct regions: upstream of the ignition region, CH,O signal corresponds to
low pilot-fuel equivalence ratio regions in the wake of the jet, similar as reported for a diesel combustion case in an

optical engine [19].

In the dual-fuel case high-intensity PAH-PLIF interference is visible at 1.24ms close to the spray tip. Nevertheless, in the
present study the focus lies on the PLIF signal evaluation prior to the ignition when no other interference than due to the

fuel impurities is known. The PAH interference does therefore not influence the evaluation of these results.

4.3. 0D/1D simulation results

The influence of methane-addition on the two-stage ignition process is first addressed by means of HR calculations for
the cases Tso=770K/dcys=(0/0.33/0.66), cf. Figure 4 (left). These results constitute an important reference for the
subsequent analysis including mixing. Low-T ignition timing was determined based on species evolutions according
to [25] and for high-T as the time of 80% reaction progress (based on temperature) [11]. Without methane the mixture
exhibits a typical two-stage ignition behavior for lean conditions (n-dodecane equivalence ratio ¢,c;p<1.5). Low-T
ignition is favored by the hotter gases at very lean conditions and high-T ignition shows its minimum — widely referred to
as the most reactive mixture fraction — at slightly rich condition; in line with previous observations, e.g. [10, 11]. The
simulations indicate that the addition of methane has an increasingly significant inhibition effect on the low- and high-T
chemistry in the dodecane-lean mixture, whereas this effect is reversed for the dodecane-rich mixtures. The most
pronounced differences are observed for the earliest low-T ignition, which plays an important role for the subsequent

high-T ignition because of transport of chemical species and heat towards richer conditions, discussed below.

The prolonged ID in the presence of methane could potentially be attributed to the increased mixture thermal capacity
and to the reduced oxygen partial pressure. The dotted line in Figure 4 (left) refers to ¢cpainet Where methane was added
as “inert species” to discern the effect of dilution from the chemical effect. Low-T ignition is not influenced whereas
high-T is slightly retarded but to a smaller extent compared to the chemically-active CHy, indicating a chemical
involvement of methane in the auto-ignition process. This is consistent with experimental results (see Figure 2), where the
increase in ID when adding methane (and therefore reducing oxygen partial pressure) is considerably more pronounced
than the empirical relation of Idicheria and Pickett [26] predicts for diesel spray auto-ignition (IDc[O,]"). For instance,
at dcps=0.66 the relation suggests a 6% ID increase, whereas measurements in Figure 2 indicate an ID increase between

35 and 55% for different Tgqy.
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Figure 4: Influence of methane addition on two-stage ignition using HR calculations (left). 1D-flamelet results presented in the
form of reaction rate of CH,O for a diesel (centre) and dual-fuel case with similar ID (right). The temporal evolution of the
maximal ¢nc1 available is drawn as dotted line. Orange and green lines present low-T and high-T ID at different imposed SDR

evolutions (shown in the inlay plot on the right).

Results including mixing for the cases shown experimentally in Figure 3 are portrayed in Figure 4 (Tso=770K/¢cps=0,
centre and Tso=850K/dcy4=0.66, right) in form of temporal evolution of CH,O reaction rate in ¢,c;,-space. Due to the
positive ignition dwell a considerable level of large-scale mixing through entrainment is taking place as discussed above
and the maximal mixture fraction (Z,,,x which can be expressed also by ¢n.x) steadily decreases, cf. dashed black lines in
Figure 4 (centre, right). These evolutions were derived from a 1D spray model for the current configuration. The time-
dependent prescribed value of x5 employed to scale the conditional SDR is also illustrated in Figure 4: a constant high
value of 40s™ is chosen initially mimicking the combined initial physical time delay of rate-of-injection ramp-up and first
fuel evaporation. The second important parameter is the value of y at EOI (denoted by the blue dashed vertical line) for
which 5, 10 and 155" were chosen, the influence of which will be assessed. Trajectories of low- and high-T ignition in
dnci12-space are drawn for the three prescribed SDR scenarios. Note that for the same fuel injection event into an oxidizer
charge with different methane contents, a comparable entrainment as well as SDR evolutions until high-T ignition are
expected; the effect of temperature leads to a difference in density of only roughly 7%. Therefore, we intentionally
compare the two aforementioned cases exhibiting the same high-T ID making sure that the ignition processes experience
as identical as possible small-/large-scale mixing histories in order to isolate the chemical effect of methane addition and

its interaction with mixing.

Starting from Tgo;=770K/dcp4=0, as this is the more “standard” case similar to what is reported in [10, 13]: CH,O is first
formed in the dodecane-lean region at around 0.6ms and the species and heat generated are transported towards richer
mixtures through micro-mixing (termed “cool-flame wave” in[11]). The typical time-scale of this process is
approximately 0.2ms, consistent with the experiment, Figure 3. Differently from what is reported in [10], here the cool-

flame wave is interrupted by the entrainment mixing because of the positive ignition dwell. The first high-T ignition
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takes place near Z.,. where the mixture with the highest reactivity is present, following which the ignition front
propagates towards leaner mixtures. As SDR at Z,,, tends to zero, heat and radicals generated at the boundary are hardly
mixed towards leaner conditions. Consequently, the propagation of the high-T ignition front is initially governed by a
sequential high-T transition moving from Z,., progressively to leaner states of mixing, corresponding to a localized
ignition process where mixing is not important. At later stages the high-T front becomes progressively driven by
diffusion because the SDR is larger in the central part of the Z existence domain. This is seen from the progressive
deviation between results with different levels of prescribed SDR indicating that micro-mixing plays an important role
later on. When advancing in time and approaching the Z,;, boundary, the high-T ignition front slows down because of

the lower reactivity and lower conditional SDR.

Examining the methane-containing case Tgo=850K/dc4=0.66 with similar high-T ID, differences are observed: Firstly,
the ¢,c12 location of the first CH,O appearance is at a higher value. This is to be expected when considering HR results
(Figure 4 left). There is a “low-T most reactive ¢,c1»” at around ¢,c1,=0.6, in distinctive contrast to the ¢pcys=0 case.
Consequently, when coupled to mixing, first-stage ignition takes place at around ¢,c;,=0.5 and, although the same SDR
is present, the cool-flame wave propagates faster compared to the ¢cys=0 case. This is mainly attributed to the smaller
low-T ID gradients in ¢,cio-space from HR. This behavior is well-known from a series of auto-ignition DNS works in
thermally and/or compositionally stratified mixtures, where the transition from spontaneous ignition to deflagrative
combustion mode is mainly determined from gradients in homogeneous ID (e.g. [27]). Lower low-T ID gradients lead to
a sequence of low-T ignition events where SDR plays a secondary role on the propagation speed. SDR has only a
retarding effect on low-T ignition, as visible from the nearly parallel low-T ignition trajectories when varying SDR. This

is in contrast to the ¢c4=0 case where a higher SDR leads to an increased propagation speed.

Despite the consistently retarded first appearance of CH,O when increasing SDR, for the diesel case the cool-flame wave
is accelerated for increased SDR so that the high-T ignition takes place approximately at the same time, while for the

dual-fuel case a delay in first CH,O results in also a delay of the first high-T ignition.

The dual-fuel high-T ignition takes place at the Z,,,, boundary and the progress of the high-T ignition wave is slower
than the one without methane. Another interesting feature observed during high-T ignition is that the dual-fuel case is
more influenced by SDR compared to the diesel case, as confirmed by the different slopes with different SDR applied.
This is attributed to the smaller CH,O consumption rate (a factor of 2-3 from HR, not shown) for dual-fuel during high-T
ignition (visible from wider CH,O consumption wave in red), which makes the chemical reactions more susceptible to

changes in mixing.
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It is stressed that the findings depend on the chemical mechanisms chosen: if a different relative influence of methane on
the low-/high-T behaviors is predicted, this may change results drawn in Figure 4. The HR calculations of Figure 4 (left)
were repeated using the substantially more complex detailed Polimi [28] and LLNL [29] kinetic schemes (not shown) which
both reproduced the methane influence on the two-stage ignition in lean pilot mixtures qualitatively. Therefore, the

systematic analysis of the main driving effects is still expected to apply.

5. Summary and conclusions

First and second-stage ignition characteristics of short n-dodecane pilot injection in compressed methane/air mixtures
were investigated by application of simultaneous high-speed CH,O-PLIF, Schlieren and OH* imaging in a RCEM. By
systematic investigation of the methane interaction in the pilot-fuel ignition process we conclude that methane in the air
charge prolongs the ID of pilot fuel through a chemical interaction — up to 50% increased ID in methane mixture with
0cns=0.66 was observed. Comparison of the low-T and high-T ID for a variation of ¢cy4 and Tsor shows that 70—-80% of
the ID prolongation is resulting from the delayed first-stage ignition. The evolution of CH,O-PLIF distributions reveals a
rapid spreading of the first-stage reactivity across the complete spray cloud. This so-called turbulent cool-flame wave

reduces the first-stage ID of the fuel-rich mixture and therefore accelerates second-stage ignition in the fuel-rich zones.

Experimental observations were further substantiated by 0D/1D simulations. HR calculations reveal, that unlike in n-
dodecane/air mixtures with the addition of methane, not only high-T but also low-T ID becomes non-monotonic in ¢,ci2-
space. Specifically, methane considerably retards low-T ignition at n-dodecane-lean conditions; first low-T appearance
occurs at ¢,cp=0.5 whereas for the n-dodecane/air close to oxidizer boundary. This peculiarity is reflected in the 1D-
flamelet results with mixing: For both cases micro-mixing retards the first appearance of CH,O. With methane, a faster
cool-flame wave propagation is observed, which is due to smaller gradients in homogeneous low-T ID. The cool-flame
spreading rate for the dual-fuel case was found to be less susceptible to variations in SDR, suggesting that the front is
mainly governed by sequential low-T ignition, contrary to the prevalently micro-mixing governed diesel case cool-flame.
Second-stage ignition occurs after the EOI for all investigated cases — consequently high-T ignition takes place at the
instantaneously highest fuel concentration available. The subsequent high-T spreading on the contrary is slower for the

dual-fuel case. It is important to note that the transition to a lean premixed flame was not the focus of this study.

In conclusion, the presented experimental and 0D/1D reveal a complex interplay between micro-mixing, low-T and high-
T chemistry and entrainment for dual-fuel auto-ignition processes. The non-monotonic low-T ID identified introduces an
additional dynamic compared to previous investigations. This clearly motivates further investigations by means of high-
fidelity three-dimensional numerical methods in combination with state-of-the-art experimental diagnostics for further

insights.
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List of Figure captions:
Figure 1: Schematic of the RCEM geometry and optical arrangement for simultaneous CH,O-PLIF, OH* and

Schlieren imaging.

Figure 2: (a) High-T ID dependency on ¢cys and Tsep. Error bars show the standard deviation of ID. (b) Dependence

of Low-T ID, and (c) dependence of respective High-T and Low-T ID differences, on ¢cy4 and Tso.

Figure 3: Raw CH,O-LIF image time sequence. Dashed black/white contour denote jet boundary detected by
Schlieren. Red contour shows regions with detected OH*. Conditions: Tso=770K/0cys=0 (left),

T501:85 OIQ(I)CI.M:O .66 (I'lght)

Figure 4: Influence of methane addition on two-stage ignition using HR calculations (left). 1D-flamelet results
presented in the form of reaction rate of CH,O for a diesel (centre) and dual-fuel case with similar ID
(right). The temporal evolution of the maximal ¢,ci, available is drawn as dotted line. Orange and green
lines present low-T and high-T ID at different imposed SDR evolutions (shown in the inlay plot on the

right).



