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1 Introduction

Diethyl ether (DEE) can be produced from ethanol by catalytic dehydrogenation [1] and is therefore of
interest as a biomass-derived fuel component. It has a surprisingly high cetane number of 125 when
compared with alkane with the same molecular size (e.g., 22 for butane and 30 for pentane). DEE is
typically used to support cold-start in gasoline and Diesel engines [2], or as ignition improver for
ethanol [3] and is even considered as alternative Diesel fuel [4, 5]. In addition, DEE is used as a model
fuel to test safety-relevant ignition processes on hot surfaces.

Understanding the ignition chemistry of DEE is therefore of high practical interest. Di Tommaso et al.
[6] studied reactions relevant to autoxidation of DEE using computational methods. Recently, the ef-
fects of blending DEE to Diesel fuel on the combustion behavior were studied in a direct-injection
Diesel engine [7]. Interestingly, DEE was found to increase the ignition delay times, despite its high
cetane number. Laminar burning velocities of DEE/air mixtures were measured at various equivalence
ratios, initial temperatures, and pressures in a spherical bomb by schlieren photography [8, 9]. Inomata
et al. [10] studied the ignition delay times of DEE in air. They found that the mixture is extremely re-
active and observed a monotonic decrease of the ignition delay time with increasing temperature. Clo-
thier et al. [2] investigated the effect of DEE on Diesel fuel and concluded that DEE inhibits the igni-
tion of Diesel fuel and thus decreases the cetane number of Diesel fuel. The increased ignition delay
times were attributed to the interaction of DEE with some aromatics in Diesel fuel [11].

Griffiths and Inomata [12] studied oscillatory cool flames of DEE between 430 and 590 K experimen-
tally and numerically. They associated the low-temperature reactivity of DEE with hydroperoxide
formation. Yasunaga et al. [13] studied the pyrolysis and the oxidation of DEE at 900-1900 K and 1—
4 bar behind reflected shock waves. They monitored the decay of DEE, ignition onset, and OH induc-
tion times, respectively, using time-resolved infrared absorption at 3.39 um, time-resolved emission at
431 nm and absorption at 306.7 nm, respectively. A kinetics model was assembled and tested against
the experimental data. Good agreement between experiment and simulation was found at 1-3.5 bar
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and at equivalence ratios ¢ of 0.5, 1, and 2. Werler et al. [14] extended the temperature range for igni-
tion delay time measurements down to 550 K using a shock tube and a rapid compression machine. At
these conditions, the model of Yasunaga [15] could not reproduce the experimental data. Based on a
sensitivity analysis, the rate coefficient for the HO, + DEE hydrogen abstraction reaction was in-
creased by a factor of five, which improved the agreement between simulation and experiment. How-
ever, the model did not contain reactions of peroxy (RO,) radicals derived from reactions of O, with
initial radicals of DEE (C,HsOCHCH; and C,HsOCH,CH,). These reactions are known to critically
influence the radical pool that is responsible for low-temperature auto ignition|[16].

Very recently, Sakai et al. [17] determined the (high-pressure limiting) rate coefficients of the uni-
molecular reactions of 1-ethoxyethylperoxy (C,HsOCH(OO)CHj;, p-RO,) and 2-ethoxyethylperoxy
(C,H5s0CH,CH,00, s-R0O,) radicals using transition state theory based on quantum-chemical calcula-
tions. Different reactions paths including intramolecular hydrogen shift to hydroperoxyalkyl (QOOH)
radicals, concerted HO, elimination and back dissociation to R + O, for RO,, as well as unimolecular
decomposition of QOOH radicals were considered. Although reaction of O, with QOOH leading to
low-temperature chain branching has not yet been taken into account, these new results enabled the
development of an improved mechanism for the low temperature regime. The goal of the present study
is to check the performance of this model based on new experimental data of ignition delay times of a
reference fuel (PRF95: 95% iso-octane and 5% n-heptane, representative for gasoline) doped with 10
and 30 Vol.% DEE relative to PRF95 at high pressure (10 and 40 bar) and intermediate temperature
(650 — 1250 K).

2 Experimental

The high-pressure shock-tube facility used for measuring ignition delay times is described in detail in
Refs. [18, 19]. The shock tube has a constant inner diameter of 90 mm with lengths of the driver and
driven sections of 6.4 and 6.1 m, respectively. Allowable peak pressures are 500 bar and the test times
up to 15 ms can be achieved by driver-gas tailoring. All experiments were conducted behind the re-
flected shock between 650 and 1250 K at pressures of 10+1.5 and 40+1.5 bar and at two equivalence
ratios (¢ = 0.5 and 1). Mixtures of PRF95/DEE with ratios of 100/0, 90/10 and 70/30 by volume were
selected. PRF95 (95% iso-octane and 5% n-heptane) was chosen as reference fuel. The mixtures were
prepared manometrically in a mixing vessel and stirred for one hour before use to ensure homogeneity.
The temperature Ts and pressure ps behind the reflected shock waves were computed from the incident
shock velocity, with an estimated temperature uncertainty of <15 K. Bandpass-filtered (43145 nm)
emission from CH* chemiluminescence was monitored through a window in the sidewall (15 mm
from the end flange) with a Hamamatsu 1P21 photomultiplier tube. Ignition delay times were defined
as the interval between the rise in pressure due to the arrival of the shock wave at the measurement
port and the extrapolation of the steepest increase in CH* chemiluminescence to its zero level on the
time axis [20].

3 Modeling

In this work a detailed kinetics model for DEE and gasoline surrogates is assembled. The initial kinet-
ics model for gasoline surrogates was taken from Mehl et al. [21]. This model was developed and val-
idated against shock tube, RCM and jet-stirred reactor data covering a wide range of conditions (3—
50.7 bar, 650-1200 K). This mechanism, however, does not contain reactions of DEE. Most of DEE
reactions were therefore adopted from a pentane mechanism [22] and updated with unimolecular reac-
tions of 1-ethoxyethylperoxy (s-RO,) and 1-ethoxyethylperoxy (p-RO,) which are relevant in the low
temperature regime and were recently characterized by Sakai et al [17] (this model is referred to as
“Sakai model” below). In the combined DEE/PRF95 mechanism, we initially kept the Coy-C, mecha-
nism from Mehl et al. [21] invariant. However, the simulations with the combined model gave longer
ignition delay times for pure DEE when compared with the prediction of the initial model of Sakai

25" ICDERS — August 2-7, 2015 - Leeds 2



Fikri, M. Ignition delay times of primary reference fuels doped with diethyl ether

(which uses a different Cy-C, mechanism). Therefore the Cy-C, submechanism in the Sakai model was
used in the combined DEE/PRF95 mechanism. The corresponding Cy-C, reactions were taken from
Curran mechanism [23] for iso-octane and some reactions were changed according to recent papers.
During this blending process we ensured that the combined mechanism still reproduces the ignition
delay times on which both individual mechanism were built. The combined mechanism yields ignition
delay times for n-heptane and DEE that differ by about 10% compared to the values obtained from the
original mechanisms. The resulting detailed kinetics model for DEE-blended gasoline surrogates con-
sists of 1458 chemical species and 6114 elementary reactions. We note that cross reactions between
different fuels were not considered.

In the previous model of Yasunaga et al. that was assembled based on natural gas, n- and iso-butane,
DEE-specific reactions were added. These main reaction channels are:

Unimolecular decomposition of DEE:

C,Hs0C,H;s (+M) — C,Hs0H + C,H,4 (Four center elimination)
C2H50C2H5 (JFM) i C2H5O + C2H5+ M
C2H50C2H5 (JFM) g C2H5OCH2 + CH3 +M

Abstraction reactions from DEE:

C2H50C2H5 + X (H, OH, CH3) g C2H5OC2H4p
C2H50C2H5 + X (H, OH, CH3) g C2H5OC2H4S

At high temperature, C,;HsOC,Hys decomposes to acetaldehyde (CH3;CHO) and ethyl (C,Hs) radicals,
and C,HsOC,H4p decomposition mainly leads to C,Hs + C,HsO formation. At low temperature, O,
addition to C,HsOC,H,p and C,HsOC,Hys yields the p-RO, p-RO, peroxy radicals that open the low
temperature reaction paths.

In the model proposed in this work (Sakai model) several reactions specific for diethyl ether and rele-
vant for the low-temperature regime were added (except the subsequent reactions QOOH + O,) as de-
scribed in the introduction. All these modifications substantially improve the prediction of ignition
delay times of DEE compared to the former model of Yasunaga et al. [15] (for brevity not shown

here).
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Figure 1. Concentration-time profiles of C;HsOC,Hs and CH3;CHO and temperature history of a stoichiometric
reaction xpgg = 0.66%, x0, = 3.97% balanced in argon.
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Figure 1 shows the predictions of Yasunaga [15] and Sakai model [17] for a stoichiometric mixture of
DEE/O,/Ar at 800 K and 40 bar. It clearly shows that the Yasunaga model predicts much longer igni-
tion delay and produces much less CH;CHO which is the main intermediate during the depletion of
DEE. Also, the temperature histories differ. The first-stage ignition from the model in this work is
much more pronounced. Kinetics modeling under given experimental conditions was performed using
CHEMKIN under constant volume, accounting for heat release of the reactions.

4 Results and discussions

Ignition delay times were measured in a high-pressure shock tube at 10£1.5 and 4041.5 bar in the
650-1250 K range for two equivalence ratio (¢ = 0.5, 1). Below 650 K, no ignition was observed with-
in the test time of 15 ms. Figure 2a compares the measured ignition delay times for PRF95 at two
equivalence ratios and 40 bar with the prediction of the model of Mehl et al [21]. The simulation was
performed under constant volume assumption and without the consideration of the gas-dynamic facili-
ty effects. The model agrees well with the data at high temperature but overpredicts the measurements
at intermediate temperature. Deviation of the model at high pressure and low temperature was also
observed for pure n-heptane in [21]. Figure 2 (b) shows ignition delay time data for mixtures of PRF
doped with 10% DEE at ¢ = 0.5 and 1 and at 10 and 40 bar. At first glance, one notices that lean mix-
tures (open symbols) are less reactive than stoichiometric mixtures (filled symbols). This effect is due
to the chain branching reactions that are mainly dependent on fuel concentration at low and intermedi-
ate temperatures. At high temperature, ignition delay times for both equivalence ratios converge and
ignition becomes primarily controlled by the reaction H + O, — OH + O, so that the reactivity depends
merely on the O, concentration in this regime. Addition of 10 Vol.% DEE to the base fuel at 40 bar
increases the reactivity of the fuel substantially especially in the low temperature range (7 < 950 K).
At high temperature the difference in the reactivity between the PRF95 and the PRF95/DEE mixtures
are not too large at 40 bar.
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Figure 2. Ignition delay times of PRF95 and PRF doped with 10 Vol.% diethyl ether at equivalence ratios ¢ = 0.5
(open symbols), 1 (filled symbols) and pressures of 10 and 40 bar.
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Figure 3. Ignition delay times of PRF95 and PRF doped with 30 Vol.% diethyl ether at equivalence ratios ¢ = 0.5
(open symbols), 1 (filled symbols) and pressures of 10 and 40 bar.

The reactivity of the mixture increases drastically when the amount of DEE was increased to 30%
relative to the reference fuel in the low temperature as well as in the high temperature range, particu-
larly for the stoichiometric conditions as shown in Figure 3. At 10 bar the ignition delay times values
of the doped mixture for the lean and the stoichiometric conditions exhibits the same activation energy
but the absolute values are slightly similar, but the deviation becomes large when the pressure is in-
creased to 40 bar. It is also noticeable that increasing the amount of DEE addition leads to a more pro-
nounced NTC behavior, which is shifted to lower temperature relative to that for the reference fuel. In
general, the model captures the trend of data well but does not reproduce the absolute values. Ongoing
work focuses on the second O, addition to QOOH. This will improve the prediction of the model.

4 Conclusions

Ignition delay times of lean and stoichiometric mixture of the primary reference fuel PRF95 doped
with DEE (10 and 30 Vol.%) were measured between 650 and 1250 K at pressures of 10 and 40 bar.
The experiments show that DEE drastically increases the reactivity of the base fuel. The model for
gasoline surrogates of Mehl [21] was embedded in a new DEE mechanism, in which important low-
temperature species such as QOOH were considered. The prediction of the measured ignition delay
time data was satisfactory but does still not reproduce the absolute values. The implementation of the
reaction channels for O,QOOH is underway.
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