‘ ! ! . LLNL-JRNL-719499

LAWRENCE
LIVERM ORE
NATIONAL

~omrow | AUtOIgNItiON of binary blends of
n-dodecane/l-methylnaphthalene
andiso-cetane/1-methylnaphthalene

G. Kukkadapu, C. J. Sung

January 24, 2017

Autoignition of binary blends of
n-dodecane/1-methylnaphthalene and
Iso-cetane/1-methylnaphthalene




Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.



N

© o0 ~N o o B~ W

10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Autoignition of binary blends of n-dodecane/1-methylnaphthalene and

iso-cetane/1-methylnaphthalene

Goutham Kukkadapu®®*, Chih-Jen Sung®

4%Lawrence Livermore National Laboratory, Livermore, CA 94551, USA

bDepartment of Mechanical Engineering, University of Connecticut, Storrs, CT 06269, USA

Keywords: autoignition, n-dodecane, iso-cetane, 1-methylnaphthalene, diesel surrogates,

rapid compression machine

Corresponding Author:

Goutham Kukkadapu

Lawrence Livermore National Laboratory
7000 East Avenue

Livermore, CA 94551, USA

E-Mail: kukkadapul@Iinl.gov

Phone: (925) 422-1489

Submitted for publication in Combustion and Flame
Revised: July 22, 2017
Manuscript Reference Number: CNF-D-17-00086R1

LLNL-JRNL-719499


mailto:kukkadapu1@llnl.gov

10

11

12

13

14

15

16

17

18

Autoignition study of binary blends of n-dodecane/1-methylnaphthalene and

iso-cetane/1-methylnaphthalene

Goutham Kukkadapu®®*, Chih-Jen Sung®

4%Lawrence Livermore National Laboratory, Livermore, CA 94551, USA

bDepartment of Mechanical Engineering, University of Connecticut, Storrs, CT 06269 USA

Abstract

An experimental study on autoignition of two binary blends, n-dodecane/1-methylnaphthalene and
iso-cetane/1-methylnaphthalene, has been conducted using a rapid compression machine.
Specifically, the ignition delays of the stoichiometric blend+air mixtures were measured at
elevated pressures of Pc=15 bar and 30 bar, compressed temperatures of Tc=626—944 K, and
varying blending ratios of the constituents. For a given set of Pc and Tc¢, a nonlinear response of
the blend reactivity with respect to the relative amount of the constituents was observed. Since a
comprehensive chemical kinetic model for the blends investigated here is under development, the
current ignition delay datasets serve as the needed targets for model validation. For selected
conditions, ignition delay simulations were conducted to highlight and discuss the deficiencies of
the literature models and the potential areas for model improvements, especially at low
temperatures. Further chemical kinetic analyses were conducted to gain understanding of the

blending behavior predicted by the available model.
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1. Introduction

Petroleum derived transportation fuels are complex mixtures of hydrocarbons, exhibiting diversity
in the molecular classes, structures, and chain lengths. The composition diversity in the
transportation fuels makes the development of their chemical kinetic models, which are needed for
understanding the fundamental combustion processes and the engine performances related to
ignition, extinction, emissions, etc., extremely challenging. One popular way to model the
combustion kinetics of complex transportation fuels is the use of a simpler mixture of
hydrocarbons, also termed “surrogate fuel”, which mimics the physical or/and chemical properties
of the target real fuel. These surrogate fuels are made up of a limited number of hydrocarbons that
are representatives of the molecular classes, structures, and chain lengths found in the
transportation fuels. Since the chemical kinetic models of surrogate fuels are typically assembled
by merging the individual models of the constituent hydrocarbons, the ability of the surrogate
models to capture the combustion characteristics of the target real fuels is reliant on the fidelity of
the chemical kinetic models of the surrogate constituents. Besides accurately describing the
combustion Kinetics of the neat surrogate constituents, it is also necessary to capture the chemical
Kinetic interactions when the surrogate constituents are blended together. The primary objective
of the current study is to investigate the ignition behaviors of various binary blends of the surrogate
constituents relevant to diesel fuels.

The binary blends of the present interest are the fuel mixtures of 1-methylnaphthalene and
iso-cetane (2,2,4,4,6,8,8 heptamethylnonane), as well as 1-methylnaphthalene and n-dodecane, at
varying blending ratios. n-Dodecane, iso-cetane, and 1-methylnaphthalene have been chosen in
this investigation as the representatives of n-alkanes, iso-alkanes, and aromatics, respectively,

which constitute the major compound classes in diesel fuels [1]. In addition, 1-methylnaphthalene
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and iso-cetane were chosen because they have been widely used in surrogate formulations [e.g.,
2-5] and they are the reference fuels used for determining the cetane rating of a fuel. The choice
of n-dodecane as the representative of n-alkanes, instead of n-cetane, was due to its relatively lower
boiling point so that it is comparatively easier to handle in experiments. It is further noted that n-
cetane and n-dodecane are homologous hydrocarbons, and hence they are expected to exhibit
analogous oxidation chemistry and similar ignition characteristics.

Survey of the literature showed that while the chemical kinetics for the neat components of
1-methylnaphthalene [6-10], iso-cetane [11-14], and n-dodecane [15-24] have been studied
experimentally to some detail, there are only very few studies on the binary blends involving these
fuel components [9,25,26]. Wang et al. [9] studied the ignition of stoichiometric binary blends of
n-decane/1-methylnaphthalene in air behind reflected shock waves at nominal pressures of 10 bar
and 40 bar over a temperature range of 848—1349 K. Won et al. [25] measured the reflected shock
ignition delays of a stoichiometric iso-cetane/n-cetane blend (54.1/45.9 in molar %) at a nominal
pressure of 20 atm over a temperature range of 685-1250 K. Agosta et al. [26] studied the
oxidation of the blends of iso-cetane/n-dodecane (60/40 in molar %) and 1-methylnaphthalene/n-
dodecane (49/51 in molar %) in a flow reactor at a pressure of 8 atm and a residence time of 120
ms over a temperature range of 600—900 K.

Recognizing the need for more experimental studies on fuel blends, we have conducted
elevated-pressure experiments using a rapid compression machine to investigate the autoignition
characteristics of the binary blends of n-dodecane/1-methylnaphthalene and iso-cetane/1-
methylnaphthalene with varying blending ratios. These new datasets from the current study shall
provide insights into the blending behaviors and serve as high fidelity ignition delay data greatly

sought for validating and refining the surrogate models under development. Further details of the
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blend compositions, the experimental procedure, and the test conditions shall be specified and
described in the next section. Later sections shall discuss the experimental data followed by the
comparison with the simulated results using the chemical kinetic models available in the literature.
Finally, the deficiencies of the literature models and the potential areas to refine them shall be
identified and discussed.
2. Experimental specifications
2.1 Test mixtures
Tables 1 and 2 summarize the compositions of different fuel blend/O2/N2 mixtures and the molar
% (X) of the components in the test mixtures investigated in the current study. From here on, n-
dodecane, iso-cetane, and 1-methylnaphthalene shall be referred as n-C12, i-C16, and 1-MN,
respectively. The oxidizer used here was the mixture of O; and N2 in the molar proportion of
02:N2=1:3.76, while the stoichiometric condition was maintained for all test mixtures. Moreover,
the values of “% n-C12 in the blend” and “% i-C16 in the blend” listed in Tables 1 and 2,
respectively, correspond to the molar percentages of n-C12 and i-C16 in the respective binary fuel
blends. Here, a wide range of varying proportions of the constituent hydrocarbons in the fuel blend
was covered to investigate the response of the blend reactivity to the blending ratio. It is also noted
from Tables 1 and 2 that the molar percentages of O2 and N2 in the test mixtures, Xo2 and Xn,
remain largely unchanged as the equivalence ratio and the oxidizer composition were held fixed.
In addition, the derived cetane number (DCN) of each binary fuel blend is listed in Tables 1
and 2. The DCNs of the binary fuel blends were calculated using a linear relationship on a liquid
volume basis, between the limits defined by values for the pure components, as given in [27]. It is

seen from Tables 1 and 2 that a wide range of DCNs was also covered in this study.
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Table 1: Molar compositions of test mixtures and DCNs of n-C12/1-MN blends.

Xn-c12 (%) | Xi-mn (%) | Xoz (%) | Xn2 (%) | molar % of n-C12 in the blend | DCN
112 0.00 20.77 78.11 100 87.0
0.85 0.37 20.75 78.03 70 68.6
0.57 0.76 20.73 77.94 43 47.0
0.41 0.97 20.72 77.90 30 35.3
0.22 1.23 20.70 77.85 15 20.0
0.15 1.33 20.70 77.82 10 13.1
0.08 1.43 20.69 77.80 5 6.7

0 153 20.69 77.78 0 0

Table 2: Molar compositions of test mixtures and DCNs of i-C16/1-MN blends.

Xi-c16 (%) | X1-mn (%) | Xoz (%) | Xnz (%) | molar % of i-C16 in the blend | DCN
0.85 0.00 20.83 78.32 100 15.1
0.72 0.24 20.81 78.23 75 12.9
0.55 0.55 20.78 78.12 50 10.0
0.32 0.96 20.74 77.98 25 2.7

0 1.53 20.69 77.78 0 0

2.2 Experimental procedure and test conditions

The rapid compression machine (RCM) at the University of Connecticut employs a creviced piston
to compress test mixtures to elevated pressures and temperatures. The creviced piston is driven
pneumatically and brought to rest towards the end of the compression stroke using a hydraulic pin-
groove mechanism. While the compression time generally varies between 30 and 45 ms, the
majority of pressure/temperature rise occurs in the last 6 ms of compression. A trigger from
LabView® initiates the compression event and starts the subsequent data acquisition. The dynamic
pressure in the reaction cylinder is measured using a thermal-shock resistant Kistler 6125C
transducer in conjunction with a 5010B charge amplifier. The geometric compression ratio (CR)

can be varied by changing either the stroke length or the clearance length at the end of compression

5
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(EOC),asCR =1+

. The stroke length in the current design can be varied
clearance length at EOC

between 177.8 and 254 mm in an increment of 6.35 mm, while the clearance length at the EOC
can be varied between 14 and 56 mm in an increment of 1 mm. By changing the clearance length
at the EOC and stoke length, the operating geometric compression ratio can be varied from 4 to
20. The desired test condition at the end of compression, represented by compressed pressure (Pc)
and compressed temperature (Tc), can be achieved by independently varying the geometric
compression ratio, intake temperature (To), and intake pressure (Po). Due to the heat transfer from
hot gases to the wall during the compression stroke, the effective compression ratio achieved is
generally lower than the geometric compression ratio. As the compressed temperature cannot be
estimated directly using the geometric compression ratio, it is widely deduced using the measured

pressure trace by applying the adiabatic core hypothesis:

Te vy dT P,
()
oY~ 1T Py

where v is the specific heat ratio of the test mixture and is a function of temperature.

Prior to the start of an experiment, the reaction chamber is filled to the desired intake pressure
with a homogenous fuel blend/oxidizer mixture prepared in a separate stainless steel mixing
chamber. The mixing chamber, the RCM reaction chamber, and all the connecting manifolds are
equipped with heaters to preheat the test mixture and the entire system uniformly to the desired
intake temperature. The n-dodecane (>99% purity), iso-cetane (98% purity), and 1-
methylnaphthalene (95% purity) used in the current study were obtained from Sigma-Aldrich®.
The liquid fuels were injected into the mixing chamber on a mass basis using a glass syringe. The
mass of the fuel injected into the mixing chamber was measured using an electronic mass balance

with a least count of 0.01 gm. The oxidizer mixture was prepared by filling the mixing chamber

6
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with constituent gases to the corresponding partial pressures manometrically. The mixing chamber,
intake manifold, and reaction cylinder were heated to the desired preheat temperature for about 4
hours before starting the experiments. In addition, the mixing chamber is equipped with a magnetic
stirrer that aids in preparation of homogeneous mixtures. Further details about the current RCM
design and test procedure can be found in Das et al. [28].

Furthermore, because of the relatively high-boiling-point fuel components investigated here,
the mixing chamber, intake manifold, and RCM were heated to a sufficiently high initial
temperature to ensure that the partial pressures of the test fuel components were always less than
their corresponding saturated vapor pressures at least by a factor of 1.5. In particular, an initial
temperature of To=122 °C was used for experiments with the stoichiometric n-C12/air mixtures,
while a preheat temperature of To=147 °C was used for all the other binary blends shown in Tables
1 and 2. Additionally, the intake pressures were varied in the range of 400-3000 Torr for the
experiments conducted herein. The mixture preparation method used in the current study has been
demonstrated previously [29] to yield homogenous fuel/oxidizer mixtures with negligible amount
of fuel loss to adsorption and oxidation. In general, the uncertainty in mixture equivalence ratio is
estimated to be about 5%. It is also noted that the ignition delays of neat 1-MN were taken from
our recent work [10]. In the current RCM experiments, the test conditions covered the compressed
pressures of Pc=15 bar and 30 bar, as well as the compressed temperatures of Tc=626-944 K.

Figure 1 shows the definitions of the first-stage ignition delay (t1) and the total ignition delay
(v) for reporting the present data, which were determined by the time differences between the EOC
and the respective maxima of the time derivative of the pressure trace after the EOC. Using the
experiments on the stoichiometric 15/85 n-C12/1-MN blend at Pc=15 bar and T¢c=689 K as an

example, Fig. 2 demonstrates the typical experimental repeatability of the data reported in the

7
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current study. A minimum of four consecutive runs were conducted at each condition and the
pressure trace closest to the mean of the measured results was used to determine the representative
ignition delay value, as shown in Fig. 2. The scatter in ignition delays, both t and t1, was less than
15% of the representative value for all the cases investigated here. Furthermore, to ensure
repeatability, ignition delay data obtained from each fresh mixture was checked against that

acquired from an earlier mixture.
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Figure 1. Plot showing the definitions of first-stage and total ignition delays used in this study.
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Figure 2. Plot showing the repeatability of the current data.
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3. Experimental results

3.1 n-C12/1-MN binary blends

The ignition delay measurements of binary blends of n-C12/1-MN were conducted at a compressed
pressure of Pc=15 bar over a wide compressed temperature range of Tc=655-936 K. At a nominal
compressed temperature of Tc=669 K, Fig. 3(a) plots the experimental pressure traces at varying
% n-C12 in the binary fuel blend. It can be seen from Fig. 3(a) that the pressure history appears to
show a single-stage like ignition behavior when the % n-C12 exceeds 30%. For the blends
containing less than 30% n-C12, two-stage ignition behavior is clearly observed in Fig. 3(a), with
the pressure rise associated with the first stage of ignition increasing as the % n-C12 is raised. At
proportions of n-C12 higher than 30%, the single-stage like ignition behavior could be a result of
that the first stage reactivity becomes increasingly vigorous, and hence the transition to the second
stage cannot be discerned in the pressure records.

Figures 3(b) and 3(c) respectively summarize the total and first stage ignition delays of the
different n-C12/1-MN blends deduced from the pressure traces using the definitions shown in Fig.
1. The ignition delay measurements shown in Figs. 3(b) and 3(c) exclude those data points
exhibiting exothermicity during the compression stroke. To identify the extent of exothermicity
for each case, the pressure histories taken from the non-reactive counterparts, by replacing Oz with
N2 in the test mixtures, were used as references. In addition, the ignition delays of the blends
containing more than 10% n-C12 were limited to low temperatures, as further increase in
compressed temperature resulted in exothermicity during the compression stroke. Figures 3(b) and
3(c) show that both the total ignition delays and the first stage ignition delays decrease with

increasing amount of n-C12 in the blend. Furthermore, the negative temperature coefficient (NTC)

LLNL-JRNL-719499
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Figure 3: Plots showing (a) experimental pressure traces at compressed temperature of Tc=669+3
K, (b) total ignition delays, and (c) first stage ignition delays for n-C12/1-MN blends at varying
blending ratios. The compressed pressure is Pc=15 bar.
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characteristic is clearly seen in the total ignition delay results of the 10% n-C12 blend. Although
the entire total ignition delay response curves of the other blends could not be resolved in the
current RCM experiments as the onset of ignition was observed during the compression stroke, it
is expected that blends with more than 10% n-C12 would also exhibit NTC characteristics in other
circumstances.

To better understand the sensitivity of the total ignition delay variation with % n-C12 in the
blend, the total ignition delays of the n-C12/1-MN blends at two different compressed
temperatures were plotted and compared in Fig. 4. Figure 4 shows that the total ignition delay
decreases nonlinearly with increasing % n-C12 in the blend. At Tc~893 K, the total ignition delays
drop steeply upon small addition of n-C12 to the pure 1-MN case. Specifically, the total ignition
delay decreases by a factor of about two when the % n-C12 in the blend increases from 0% to 5%.
Further increase in % n-C12 from 5% to 10% shortens the total ignition delay by a factor of three.
At a lower compressed temperature of Tc~669 K, Fig. 4 also illustrates that increasing % n-C12
in the blend continues to cause a steep drop in total ignition delays till the amount of n-C12
increases to 30%. Beyond that, namely increasing % n-C12 in the blends from 43% to 70%, the
change in total ignition delay is less significant, reducing from ~5 ms to ~2.5 ms. Similar nonlinear
dependence of total ignition delay on the constituent amount of binary blends was also noticed by
Wang et al. [9] in their shock tube experiments with binary blends of n-decane/1-MN. The total
ignition delay results shown in Fig. 4 demonstrate that when two fuel components with distinct
reactivities are blended, small addition of the more reactive fuel (like n-C12 in the current case) to
the less reactive fuel (like 1-MN) in large amount could result in a strong change in the global

reactivity of the blend. On the other hand, small addition of the less reactive fuel to the more

11
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1  reactive fuel of abundant presence may have weak or insignificant effect on the global reactivity
2 of the blend.

3 Furthermore, using the experimental results of Fig. 4, the dependence of the total ignition
4 delay on the DCN of the blend (cf. Table 1) is demonstrated in Fig. 5. It is seen that the measured

5 total ignition delay decreases with increasing DCN and the experimental data can be correlated

6  quite well with a dependence of t~DCN ~(1:72540.175)
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13  data of Fig. 4 at Pc=15 bar for two compressed temperatures of Tc~669 K and T¢c~893 K.
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3.2 i-C16/1-MN binary blends

The ignition delay measurements of binary blends of i-C16/1-MN were conducted at two
compressed pressures of Pc=15 bar and 30 bar. At Pc=15 bar, the i-C16/1-MN blends show no
two-stage like behavior and no evidence of NTC is observed in Fig. 6(a) for the temperatures
investigated in the current study. Figure 6(b) shows the experimental pressure traces of the
stoichiometric 50/50 i-C16/1-MN blend at Pc=30 bar and three different compressed temperatures,
in which two-stage ignition behavior is observed for compressed temperatures of 704 and 735 K.
In addition, Fig. 6(b) shows that the pressure rise from the first stage ignition reduces as Tc
increases from 704 K to 735 K. Further increasing Tc beyond 770 K, the pressure trace does not
show any first stage ignition activity. The t and t1 of the i-C16/1-MN blends at Pc=30 bar over a
range of Tc are shown in Figs. 6(c) and 6(d), respectively. From the ignition delays shown in Fig.
6(c), it can be observed that the total ignition delays of the 50/50 i-C16/1-MN blend exhibit non-
Arrhenius behavior at lower temperatures (Tc<770 K), which could be due to the underlying NTC
chemistry and is supported by the two-stage ignition characteristics shown in Fig. 6(b) for pressure
traces and in Fig. 6(d) for the first stage ignition delays. Figures 6(a) and 6(c) also illustrate that
an increase in % i-C16 in the blend generally increases the reactivity of the system.

At two sets of Pc and Tc, namely 15 bar/893 K and 30 bar/858 K, Fig. 7 examines the response
of total ignition delay to the amount of i-C16 in the i-C16/1-MN blends. The total ignition delays
at both the compressed conditions decrease monotonically with increasing % i-C16. However, in
the regime of small i-C16 addition (< 20%), the total ignition delay decreases more gradually with
an increase in % i-C16. Figure 8 further shows the comparison of changes in total ignition delays
due to the additions of n-C12 and i-C16 to 1-MN at Pc=15 bar and Tc ~893 K, demonstrating that

the addition of n-C12 has a stronger promoting effect on reactivity. Since n-C12 is known to be

14
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more reactive than i-C16, the observed difference in the ignition promoting effect can be attributed

to the relative reactivities of these two alkanes.
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Figure 6: Plots showing (a) total ignition delays of i-C16/1-MN blends at Pc=15 bar, (b)
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4. Kinetic analysis

4.1 n-C12/1-MN binary blends

From survey of the literature, we have identified several chemical kinetic models that describe the
combustion chemistry of the three neat components [e.g., 9,11,30-32]. While the model of
Narayanaswamy et al. [32] includes the Kkinetics of n-C12 and 1-MN, we could not identify a
chemical kinetic model that describes the ignition chemistry of all the three hydrocarbons of
interest in the current study. Hence, the simulated ignition delay results discussed in the following
shall mainly focus on the n-C12/1-MN blends using the model of Narayanaswamy et al. [32].
Further reasons for not conducting ignition delay simulations for the i-C16/1-MN blends shall be
discussed in the later section.

“Full RCM simulations” using the Chemkin-Pro package [33] were conducted here so that
the physical and chemical processes prevalent in RCM experiments can be captured. In such
simulations, the thermodynamic conditions are replicated using the associated volume history
which includes both the compression phase and the post compression period, as show in Fig. 9.

The volume history was modeled and deduced using the measured pressure trace of the
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corresponding non-reactive experiment, along with the adiabatic core hypothesis. The non-reactive
experiment was conducted by replacing O2 with N2 in the corresponding reactive mixture while
keeping the same fuel concentration such that a similar specific heat ratio of the mixture is
maintained and similar heat transfer characteristics exists between the reactive case and the non-
reactive counterpart. The volume histories needed for simulating the current RCM experiments
and the experimental pressure traces along with a summary of ignition delay measurements are

available on our website at http://combdiaglab.engr.uconn.edu/database/rcm-database.

Figures 9(a) and 9(b) compare the experimental and simulated pressure traces for the 10/90
and 5/95 n-C12/1-MN blends. The former case exhibits a two-stage ignition behavior, while a
single-stage ignition response is observed for the latter. As a reference, the corresponding non-
reactive pressure trace is also plotted in Fig. 9, clearly showing the instant when significant
reactivity commences and the extent of pre-ignition heat release. Using the chemical kinetic model
of Narayanaswamy et al. [32], it is seen from Fig. 9 that the simulated results qualitatively capture
the autoignition characteristics in general, but under-predict the experimental ignition delays and

over-predict the first-stage pressure rise and the extent of pre-ignition heat release.

50 - —— ~—— 30 :
[| — Experiment ' i
IREEES Full RCM simulation 25 [ i ]

20 L i =72 ms—>»f |

Pressure (bar)
Pressure (bar)

155 e ]
20 [ ;’/\

[ 10 | / ]

10 [ / ] / —— Experiment
r 7,=31ms 5 /J | Full RCM simulation §
20 0 20 4 & & %20 0 20 40 60 80

Time (ms) Time (ms)

(a) Pc=15 bar, T.=669 K, 10% n-C12, 90% 1-MN (b) Pc=15 bar, T=880 K, 5% n-C12, 95% 1-MN

Figure 9: Plot showing the comparison of pressure traces from experiments and simulations for (a)
10/90 n-C12/1-MN blend and (b) 5/95 n-C12/1-MN blend.
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Figure 10 shows the comparisons of the ignition delays of the pure components of n-C12 and
1-MN, as well as the different n-C12/1-MN blends, obtained from experiments and simulations.
At Pc=15 bar, Fig. 10(a) displays that the simulated results using the sub-mechanism of n-C12 in
the model of [32] are significantly less reactive than the current RCM data at low temperatures
(Tc<700 K). Therefore, the discrepancies noticed at low temperatures illustrate that further
improvements are necessary to the n-C12 sub-mechanism of [32]. Figure 10(b) compares the
experimental and simulated total ignition delays of neat 1-MN at Pc=15 bar and 30 bar. The
simulated results obtained using the 1-MN sub-mechanism of [32] appear to be more reactive than
the RCM data at lower end of the compressed temperatures. It is also noted from Fig. 10(b) that
the difference between experimental and simulated results decreases gradually with increasing Tc
up to a compressed temperature where a crossover in reactivity is observed. Beyond the crossover
point, the 1-MN sub-mechanism of [32] becomes less reactive than the current RCM experiments.
Further discussion on the experimental and simulated results of 1-MN can be found in [10].

The total ignition delays of the n-C12/1-MN blends obtained from experiments and
simulations are compared in Fig. 10(c) for Pc=15 bar. The performance of the model of [32] in
estimating the total ignition delays of the binary blends does not show a consistent trend and is
found to be dependent on the % n-C12 in the blend, which can be better understood from the total
ignition delay comparison shown in Fig. 10(d) for Tc~669 K. Specifically, the simulated total
ignition delay of the blend containing 70% n-C12 is seen to be about a factor of two greater than
the experimental value, while the simulated results of the blends containing 15% and 30% n-C12
compare well against the experimental data with the differences being close to the experimental
uncertainty. On the other hand, the simulated total ignition delay of the 10% n-C12 blend is a
factor of 1.7 lower than the experimental value. For compressed temperatures greater than 730 K,

since the RCM simulations for the blend containing 10% n-C12 exhibit ignition during the
18
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compression stoke, those simulated results are not shown in Fig. 10(c). Furthermore, the
comparison of the total ignition delays of the blend containing 5% n-C12 over a range of
compressed temperatures from experiments and simulations shows trends similar to those
observed in the pure 1-MN case of Fig. 10(b).

Figure 10(e) shows the comparison of the first stage ignition delays observed from simulations
and experiments for the blends containing 10% and 15% n-C12. The first stage ignition delays
predicted by the model are consistently shorter, with the simulated values being generally about a
factor of two shorter than the experimental results. It is to be noted that the simulated total ignition
delays of the 15% n-C12 blend are seen in Fig. 10(c) to match closely with the experimental data
while the first stage ignition delays differ by a factor of two. To summarize, the model of
Narayanaswamy et al. [32] qualitatively captures the ignition delay variations with % n-C12 in the
blend, despite showing significant differences in the quantitative values.

As the model of Narayanaswamy et al. [32] is able to predict the blending characteristics
qualitatively, further reaction path analysis was conducted to identify important reaction channels
and understand the underlying chemistry responsible for blending behavior. Specifically, a
constant-volume adiabatic simulation was carried out using the stoichiometric 10/90 n-C12/1-MN
blend with an initial temperature of 670 K and an initial pressure of 15 bar, which is an
experimental condition related to Fig. 4. The reaction path fluxes were computed at the time instant
corresponding to 10% consumption of n-C12, at which the associated temperature rise is ~3 K,

and the results are shown in Fig. 11.
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Figure 10: Comparisons of total ignition delays of (a) neat n-C12, (b) neat 1-MN, and (c) n-C12/1-
MN blends over a range of Tc, (d) total ignition delays of n-C12/1-MN blends at Tc~669 K, and
(e) first stage ignition delays of n-C12/1-MN blends from experiments and simulations using the
model of Narayanaswamy et al. [32].
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Figure 11: Reaction flux analysis showing the important consumption pathways of 1-MN and n-
C12 in the 10/90 n-C12/1-MN blend at the time instant corresponding to 10% consumption of n-
C12. Constant-volume adiabatic simulation was conducted with an initial temperature of 670 K
and an initial pressure of 15 bar.

Figure 11 show that both n-C12 and 1-MN are predominantly consumed by the H-abstraction
reactions via OH, leading to n-dodecyl (C12H25) and 1-methylnaphthyl (A2CH2) radicals,
respectively. It is to be noted that in the current model of [32], the six possible n-dodecyl radicals
are lumped to one radical species, C12H25. The n-dodecyl radicals produced from the H-
abstraction reactions are subsequently consumed by the addition reactions with molecular oxygen
(O2) leading to formation of peroxy adduct, thus initiating the low temperature chain branching
reactions. Very small amount (<10%) of the dodecyl peroxy radicals produced undergo the
concerted elimination reactions producing n-dodecene (lumped species) and hydroperoxyl radical
(HOy). Further, the 1-naphthylmethyl (A2CH2) radicals are consumed by the reactions with O
and HO> producing 1-naphthaldehyde (A2CHOQO) and 1-methylnaphthoxyl (A2CH20) radicals,
respectively, along with OH. The 1-methylnaphthoxyl (A2CH20) radicals subsequently undergo

unimolecular decomposition to produce 1-naphthaldehyde (A2CHO) and H radicals. In addition,
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the unimolecular decomposition of A2CH20 is the predominant (>90%) source of H in the system.
As the H radicals are consumed by the association reactions with Oz to produce HO2, this
association reaction is the primary source (>90%) of HO> radicals in the system. The HO> radicals
are predominantly (>90%) consumed by the reactions with 1-naphthylmethyl (A2CH2) radicals at
these temperatures regenerating the OH radicals.

Since the current model of Narayanaswamy et al. [32] does not include any cross reactions,
the blending behavior shown in Fig. 11 is mainly attributed to the competition between n-C12 and
1-MN in consuming the major radicals such as OH and HO> for the temperatures of interest in the
current study. To elucidate this, a rate of production analysis of OH was further conducted to
compare the consumption of the OH radicals by n-C12 and 1-MN at different blending ratios,
based on constant-volume adiabatic simulations with an initial temperature of 670 K and an initial
pressure of 15 bar. As done in Fig. 11, the relative OH consumption between n-C12 and 1-MN for
a given blend was determined at the time instant corresponding to 10% consumption of n-C12. At

this particular time instant, the OH consumption ratio is defined by the following equation:

M .
Yi=1 ®(OH+1MN)i

OH consumption ratio = —y— :
Zi:lw(OH'l'nClz)i

Here, @ on+1mnyi 1S the consumption rate of OH by reaction i involving both OH and 1-MN and
M is the total number of such reactions. Similarly, @y .nc12): is the consumption rate of OH by
reaction i involving both OH and n-C12 and N is the total number of such reactions. Based on the
current definition, the OH consumption ratio provides the information about the consumption of
the OH radicals by 1-MN relative to that by n-C12. Figure 12 shows the calculated OH
consumption ratios at varying % n-C12 in the blend. It is seen from Fig. 12 that the ratio of OH

consumption exhibits a nonlinear behavior which is similar to the characteristic behavior of the
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experimental total ignition delays, also shown in Fig. 12. The similarity between the OH
consumption ratio and the total ignition delay response (or blend reactivity) can be explained by
the relative efficacies of the low temperature chemistry of the resultant fuel radicals produced from
the abstraction reactions. The n-dodecyl radicals produced from the H-abstraction reactions of n-
dodecane would facilitate a highly degenerate chain branching reaction scheme typical to n-
alkanes which accelerates ignition event, while the abstraction reactions from the benzylic site in
1-MN initiate a low temperature reaction scheme which is well known to be weaker than that of
n-alkanes, and hence retard ignition. From the trend shown in Fig. 12, it can be inferred that for
blends with low amounts of n-C12 (e.g., 5% and 10%) the performance of the model is mainly
controlled by the ignition chemistry of 1-MN, while the performance of the model at high amounts
of n-C12 is controlled predominantly by the performance of the n-C12 submodel. Therefore, the
discrepancies observed in the simulated and experimental ignition delays of binary blends (cf. Fig.
10) can be primarily attributed to the efficacy of the model performance against the ignition delays

of pure components of 1-MN and n-C12.

2 1
70 ]
@ ; ; ® Total ignition delay 408 o
E 60 - + _ ] kS
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z T -. 106 S
n * Qo
s £
= L '.‘ 104 1%}
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Figure 12: Plot illustrating the ratio of OH consumption by 1-MN relative to that by n-C12 at
varying amounts of n-C12 in the blend. Constant-volume adiabatic simulations were conducted
with an initial temperature of 670 K and an initial pressure of 15 bar. The OH consumption was
calculated at the time instant corresponding to 10% consumption of n-C12 for a given blend.
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4.2 i-C16/1-MN binary blends

Using the model of Oehlschlaeger et al. [11], Fig. 13 compares the experimental and simulated
total ignition delays of stoichiometric i-C16/air mixtures at Pc=15 bar. As seen from Fig. 13, the
model of [11] is more reactive than experiments for Tc<815 K and the discrepancy increases with
decreasing Tc. Besides the differences in total ignition delays, the pressure traces from simulations
show a two-stage like ignition in the compressed temperature range investigated, which, however,
was not observed in the RCM experiments. It has to be pointed out that the model of [11] was
developed based on the iso-octane model of Curran et al. [34] and to our knowledge it has never
been validated against the experimental data of i-C16 at low temperatures. Modifications to the
chemical kinetic models of various n- and iso-alkanes developed on the basis of the models of
Curran et al. [34,35] have recently been proposed to improve their predictive nature [36-39], and
hence similar modifications might be necessary to improve the fidelity of the i-C16 model of [11].
Considering the poor performance of the i-C16 model available in the literature, further ignition

delay simulations of the current i-C16/1-MN blends were not conducted.

=
o
o
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>
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c
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Figure 13: Comparison of total ignition delays from experiments and simulations for neat i-C16 at
Pc=15 bar. Simulations were conducted using the model of Oehlschlaeger et al. [11].
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Comparisons shown in Figs. 10 and 13 illustrate several differences observed between
experiments and simulations and highlight the needs for refining the chemical kinetic models of i-
C16, n-C12, 1-MN, and their blends. A recent study on autoignition of 1-MN [10] has identified
and discussed several potential changes that may need to be incorporated into the model of
Narayanaswamy et al. [32] to improve its fidelity. The suggested changes for the 1-MN model
include addition of missing pathways and use of appropriate rates for some of the important
reactions [10]. In addition, the possible modifications needed to improve the fidelity of the models
of i-C16 and n-C12 include re-evaluating the thermodynamic properties of the important species,
addition of missing reaction pathways, and updating the reaction rate rules of various reaction
classes as done by the studies of [36-39]. Cai et al. [40] have recently proposed an optimized
kinetic model of C7—C12 n-alkanes which includes the updates to the reaction rate rules and the
thermodynamic properties of the important species. Figure 13 shows the performance of the Cai
et al. model [40] in estimating the total ignition delays of neat n-C12 measured in the current study.
As seen in the Fig. 14, the model of Cai et al. [40] performs much better than the earlier model of
Narayanaswamy et al. [32], and hence suggests that the performance of i-C16 and n-C12 models
could be improved by re-evaluating the thermodynamic properties of the important species,
including missing reaction pathways, and updating the reaction rate rules. Refining the models of
i-C16, n-C12, and 1-MN would require comprehensive chemical kinetic studies which are beyond
the scope of the current study, and for the same reason further chemical kinetic analyses were not

conducted here.
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Figure 14: Plot showing the comparison of the total ignition delays for stoichiometric n-C12/air
mixtures obtained from the current RCM experiments and the simulations using two literature
kinetic models of [32,40].

5. Conclusions

Ignition delay measurements of the binary blends of n-C12/1-MN and i-C16/1-MN were
conducted using a rapid compression machine. Experiments were conducted with stoichiometric
blend/air mixtures at elevated pressures of Pc=15 bar and 30 bar and over a compressed
temperature range of Tc=626-944 K. For a given set of Pc and Tc, the experimental results showed
that an increase in % n-C12 in the n-C12/1-MN blend resulted in a nonlinear decrease in the total
ignition delay with a steep drop when small amounts of n-C12 were added. An increase of % i-
C16 in the i-C16/1-MN blend was also found to cause a nonlinear decrease in total ignition delays,
but the drop in the small i-C16 addition regime was not as steep.

Ignition delay simulations were further conducted to assess the performances of the chemical
kinetic models available in the literature. Significant discrepancies were noted between the
experimental and simulated ignition delays of the binary blends of n-C12/1-MN when using the
model of Narayanaswamy et al. [32], while this model was seen to capture the qualitative trends

observed in experiments. Even for the neat components of n-C12 and 1-MN, the comparison of
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the present RCM data and the simulated results using the model of [32] shows significant
differences at low temperatures. Chemical kinetic analyses were also conducted to gain insights
into the blending behavior predicted by the model of [32]. For the simulations of the neat i-C16
experiments, the model of Oehlschlaeger et al. [11] was found to be significantly more reactive
than the present RCM experiments at low temperatures, with the discrepancy increases with
decreasing compressed temperature. The results from the current study show that the n-C12/1-MN
model of [32] and the i-C16 model of [11] need further improvement at low temperatures.
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