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ABSTRACT: Ignition delay times of ethane/dimethyl ether (DME) blends (DME blending ratios of 0, 20, 50, and 100%) were
studied behind reflected shock waves at pressures of 2.0 and 20.0 atm, temperatures of 1100—1500 K, and equivalence ratios of
0.5, 1.0, and 2.0. Fuel mixtures were prepared with a constant argon dilution ratio for reasonable comparison. Two previous
models including both ethane and DME chemistry were used to validate against the measured data. Subsequently, the chemical
analysis was performed to obtain insight into the effect of the equivalence ratio and blending ratio on the ignition delay time.

1. INTRODUCTION

Dimethyl ether (DME) is considered to be a very promising
alternative fuel for some of its advantages, including high oxygen
content, low boiling point, and high cetane number." It has been
blended with some hydrocarbon fuels*” to improve the engine
ignition and combustion characteristics. However, only limited
fundamental studies®~'* on the oxidation of hydrocarbon/DME
mixtures were reported. Amano et al.® experimentally studied the
effect of the DME blending on the ignition and oxidation of
methane under engine conditions in a flow reactor and found
that DME is very effective in stimulating the ignition and
oxidation of methane. Zinner’ measured ignition delay times of
DME/methane mixtures in a shock tube over the temperature
range of 913—1650 K, pressure range of 0.8—35.7 atm, and
equivalence ratios of 0.3, 0.5, 1.0, and 2.0. His results showed that
the increase of the DME concentration can accelerate the
ignition process at pressures less than 10 atm, while it shows an
inhibiting effect on fuel-rich mixtures at pressures higher than 10
atm. Chen et al.'” measured laminar flame speeds and Markstein
lengths of methane/DME—air premixed mixtures to analyze the
effect of the DME addition. They found that the laminar flame
speed increases almost linearly with the DME addition, while the
Markstein length varies remarkably at small DME concen-
trations. Recently, Tang et al."' measured ignition delay times of
the stoichiometric methane/DME mixtures in a shock tube over
the temperature range of 1134—2105 K and pressure range of
1.0—10.0 bar. It is found that ignition delay times of the mixtures
dramatically decrease with the presence of only 1% DME. The
propane/DME mixtures and n-butane/DME mixtures were
studied behind reflected shock waves by Hu et al,,'>'® who found
that ignition delay times of the mixtures decrease almost linearly
with increasing the DME blending ratio.

Although some studies have been carried out on the ignition
for hydrocarbon/DME blends, ignition delay times of ethane/
DME mixtures have not yet been reported. It is well-known that
ethane is a major non-methane alkane in natural gas."* In
addition, ethane presents an anomalous ignition behavior in that
it ignites quite faster than all of the other alkanes.'>~"” Therefore,
it is valuable to investigate the effect of the DME addition on the
ignition and oxidation of ethane. The measured data are also
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important for the validation and improvement of ethane/DME
models.

In this study, ignition delay times of ethane/DME blends were
tested at pressures of 2.0 and 20.0 atm and equivalence ratios of
0.5, 1.0, and 2.0 over the temperature range of 1100—1500 K.
The effect of the equivalence ratio and DME blending ratio was
then analyzed by chemical kinetic modeling.

2. EXPERIMENTAL SECTION

The measurements were carried out in a shock tube with a diameter of
11.5 cm. The respective lengths of the driver and driven sections are 4.0
and 5.3 m. The detailed introduction of this shock tube was mentioned
in another study.'®

In this study, the purities of ethane and DME are higher than 99.9 and
99.5%, respectively. Other used gases, including oxygen, argon, and
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Figure 1. Typical definition of the ignition delay time for neat ethane at
T = 1165 K, p = 20.74 atm, and ¢ = 1.0.
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Table 1. List of Fuel Mixtures in This Study

mixtures ¢ ethane (%) DME (%) 0, (%) Ar (%)
DMEO 0.5 0.58 0 4.08 95.34
DME20 0.5 0.48 0.12 4.07 95.33
DMESO 0.5 0.31 0.31 4.07 95.31
DME100“ 0.5 0 0.68 4.06 95.26
DMEO 1.0 1.13 0 3.96 9491
DMESO 1.0 0.61 0.61 3.95 94.83
DME100“ 1.0 0 1.31 3.93 94.76
DMEO 2.0 2.14 0 3.75 94.11
DME100“ 2.0 0 2.46 3.68 93.86

“Ignition delay times of DME100 have been measured in the
literature.'

helium, are of the same purity of 99.999%. Helium was used as the driver
gas. A 128L stainless-steel tank was used to prepared fuel mixtures. The
fuel component was charged to the tank manometrically. A typical
definition of the ignition delay time is shown in Figure 1. The start of the
ignition delay is the arrival of the incident shock wave at the endwall. The
onset of the ignition is the intersection of the zero baseline and the
extrapolation at the maximum rise of the endwall CH* signal. The CH*
signal is detected by a photomultiplier (Hamamatsu, CR131) located at
the endwall. To obtain the incident shock velocity, three time counters
(Fluke, PM6699) are used to record the intervals between four pressure
transducers (PCB, 113B26) located at the sidewall of the tube. Three
incident shock velocities can be obtained on the basis of the time
intervals and the constant distances of the pressures. Then, the incident
shock velocity at the endwall is determined by extrapolating the above
three shock velocities. Finally, the incident shock velocity is used to
calculate the temperature behind reflected shock waves by employing
the software Gaseq."” The pressure behind reflected shock waves is
directly measured by the endwall pressure transducer.>’

The ethane/DME/oxygen/argon mixtures (¢ =0.5,1.0,and 2.0 and
Xo,/ Xy = 21:79) were further diluted with argon (20% mixture/80%

argon), as shown in Table 1. The dilution method was also employed in
the literature.' "> Ignition delay times of neat DME"" and neat ethane'”
have been measured using this shock tube and agree fairly well with
previous studies. It gives us confidence to conduct the ignition
measurements of ethane/DME mixtures. Table 2 gives all of the
measured data in the study.

Simulations of ignition delay times were conducted using Senkin®" in
the Chemkin II package.”” The ignition delay time is obtained from the
simulation results as the time interval between zero and the maximum
rate of the temperature rises (maximum dT/d¢).

3. RESULTS AND DISCUSSION

3.1. Measured and Calculated Ignition Delay Times.
Two models, the AramcoMech 1.3** model and Zhao’s
model,** were employed for simulation. The AramcoMech 1.3
model has been updated recently and validated against C,—C,
hydrocarbon and oxygenated fuel data. Zhao’s model mainly
focuses on the oxidation of DME, but it also contains the detailed
Cy—C, chemistry. The pressure rise in the shock-tube measure-
ment exerts a considerable effect on relatively longer ignition
delay times. The Hanson group developed a CHEMSHOCK
model®® to consider the effect of the pressure rise. Later, Chaos et
al.* proposed the variable volume method (VTIM) to achieve
the same target. The ignition delay time is up to 3.0 ms in this
study. The VTIM method was employed with a pressure rise of
4% /ms, which has been experimentally measured in the study.”’

Figures 2 and 3 show the comparison between measured and
calculated ignition delay times using two models. At the fuel-lean
case (¢ = 0.5), neat ethane shows quite shorter ignition delay
times than those of the neat DME mixture at two specified
pressures. With the increase of the DME blending ratio, ignition
delay times of fuel mixtures become longer. At stoichiometric
and fuel-rich cases (¢ = 1.0 and 2.0), ignition delay times of

Table 2. Measured Ignition Delay Times of Ethane/DME Blends

fuel p (atm) T (K) 7 (us) fuel p (atm)
¢$ =05 DME20 2.18
DMEO 2.00 1298 280 2.00
2.03 1231 610 2.07
1.96 1250 433 21.09
191 1144 1753 20.52
2.06 1211 811 21.46
2.02 1184 1021 21.61
2.02 1384 136 20.09
2.01 1346 201 21.14
2.02 1422 112 21.26
2.06 1470 81 21.96
1.99 1472 75 1.98
1.93 1479 88 DMESO 1.99
20.86 1216 396 2.03
20.71 1141 1410 1.99
20.42 1168 820 1.93
21.37 1281 169 2.00
19.50 1250 182 2.07
20.49 1289 146 1.97
21.35 1360 60 21.90
DME20 2.06 1466 80 21.10
2.05 1393 148 21.87
2.06 1328 270 20.60
2.07 1262 548 21.57
2.09 1196 1194 20.63
2.03 1137 2085 19.81
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T (K) 7 (us) fuel p (atm) T (K) 7 (us)
1201 980 ¢=10

1145 2712 DMEO0 21.04 1251 284
1222 891 20.74 1165 989
1227 454 20.88 1322 114
1136 1628 21.44 1418 44
1206 593 22.07 1242 335
1329 139 21.31 1118 1716
1236 415 DMESO 21.90 1245 433
1297 166 21.10 1165 969
1179 856 21.87 1139 1370
1420 48 20.60 1306 208
1417 153 21.57 1411 66
1489 80 20.63 1332 154
1371 265 19.81 1146 855
1291 673 ¢=20

1213 1617 DMEO0 20.33 1170 858
1264 894 20.83 1259 410
1256 993 21.53 1153 993
1319 412 20.44 1071 2470
1245 433 20.41 1311 256
1165 969 21.05 1406 131
1139 1370

1306 205

1411 66

1332 154

1146 855
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Figure 2. Comparison between measured and simulated ignition delay times by the AramcoMech_1.3 model.
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Figure 3. Comparison between measured and calculated ignition delay times by Zhao’s model.

ethane/DME mixtures were only measured at p = 20 atm. It is Particularly, two neat fuels nearly overlap with each other at ¢
found that, in comparison to the fuel-lean case, neat ethane and = 2.0. In general, the effect of the DME addition is more
neat DME present relatively close ignition delay times. remarkable under fuel-lean conditions.
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Figure 4. Reaction pathway analysis of two models at T=1200 K, p = 20
atm, ¢ = 2.0, and 20% DME consumption.
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Figure S. Comparison of rate constants of the reaction (CH;OCHj; +
CH, 2 CH;0CH, + CH,) in the two models.
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Figure 6. Effect of the reaction (CH;OCH; + CH; 2 CH;OCH, +
CH,) on Zhao’s model.

Validations of the AramcoMech 1.3 model and Zhao’s model
against the experimental data are also shown in Figures 2 and 3,
respectively. The AramcoMech 1.3 model yields fairly good
agreements not only with neat fuels both also with their mixtures
under all test conditions. At ¢ = 0.5, Zhao’s model yields fairly
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good agreement with neat ethane and neat DME at p = 2.0 atm,
but it notably overpredicts the ignition values by 10—30% for
DME20 and DMESO. However, at p = 20.0 atm, about 20—50%
underprediction for neat DME occurs at three different
equivalence ratios. Therefore, the modeling ignition delay
times of DMESO are even longer than those of neat DME at ¢
= 1.0. At ¢ = 2.0, the modeling ignition delay times of neat ethane
are also longer than those of neat DME.

Because Zhao’s model shows relatively poor prediction under
fuel-rich conditions, reaction pathway analysis of the two models
was conducted at T = 1200 K, p = 20 atm, and ¢) = 2.0 to ascertain
the controlling steps. As shown in Figure 4, H-abstraction by
CHj; radicals is the dominated pathway consuming DME in both
models, especially in Zhao’s model. It is because the
decomposition of DME and CH;OCH, radicals produces
abundant CH; radicals to feed H-abstraction. Therefore, it is
quite possible that the different rate constants of the reaction
(CH;0CH; + CH; 2 CH;0CH, + CH,) in the two models
contribute to their different predictions. Figure S shows the
comparison of the reaction in these two models. It is observed
that the rate constant in Zhao’s model is about 2 times higher
than that in the AramcoMech 1.3 model. Then, the rate
constant of this elementary reaction in Zhao’s model was
replaced by the rate constant in the AramcoMech_1.3 model to
identify the influence of this reaction. As shown in Figure 6, the
modified Zhao’s model shows fairly better agreement with the
experimental data than the original Zhao’s model. Other main
pathways were also examined and exert little influence on Zhao’s
model. Considering that rate constants of this elementary
reaction in these two models are roughly estimated by respective
authors, experiment or high-level calculation for this rate
constant is suggested to further improve the accuracy of the
DME Kkinetics.

The comparison shows that the AramcoMech_ 1.3 model gives
better prediction on ethane/DME blends than Zhao’s model.
Thus, the AramcoMech 1.3 model is used for the chemical
analysis in the following sections.

3.2. Effect of the Equivalence Ratio. As observed in Figure
2, ignition delay times of DME/ethane mixtures under the fuel-
lean conditions present quite large variation compared to those
under the stoichiometric and fuel-rich conditions. To ascertain
the effect of the equivalence ratio, ignition delay times of neat
ethane and neat DME under various equivalence ratios are
compared in panels a and b of Figure 7, respectively. It is
observed that ignition delay times of neat ethane increase with
the increase of the equivalence ratio at most temperatures. On
the contrary, ignition delay times of neat DME decrease with the
increase of the equivalence ratio. In addition, neat ethane and
neat DME show comparable ignition delay times at the fuel-rich
case (¢ = 2.0), as shown in Figure 2. Therefore, with decreasing
the equivalence ratio, ignition delay times of neat ethane become
shorter, while those of neat DME become longer, leading to the
quite large variation of neat ethane and neat DME at ¢ = 0.5.

To further study the different effects of the equivalence ratio
on neat ethane and neat DME, the ignition sensitivity analysis
was performed at p = 20 atm, T = 1300 K, and ¢ = 0.5, as shown
in Figure 8. The sensitivity is defined as

_ 7(2k;) — 7(0.5k,)

B 1.57(k,) (1)

where k; is the pre-exponential factor of the ith reaction and 7 is
the ignition delay time. For neat ethane in Figure 8a, the ignition

dx.doi.org/10.1021/ef4017762 | Energy Fuels 2013, 27, 6247—6254
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Figure 9. Ignition delay times versus DME blending ratio.

delay time shows extremely high sensitivity to the reaction R1 (H
+ O, 2 O + OH). Therefore, in comparison to the fuel-rich
mixture, the fuel-lean mixture has a higher oxygen concentration,
leading to a higher reaction rate of reaction Rl and shorter
ignition delay times. However, although the ignition delay time
of neat DME is also sensitive to reaction R1, the fuel-specific
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40 60,
DME blending ratio(%)

Figure 10. Ignition delay times versus the DME blending ratio for four
hydrocarbon/DME blends (methane/ DME,"! T = 1500 K, p =1 atm,
and ¢ = 1.0; ethane/DME, T = 1200 K, p = 2 atm, and ¢ = 0.5; propane/
DME,"” T = 1500 K, p = 1.2 atm, and ¢ = 1.0; and butane/DME,"® T =
1500 K, p = 20 atm, and ¢ = 1.0).

reactions R431 [CH;0CHj; (+M) 2 CH; + CH;0 (+M)] and
R437 (CH;0CH, + CH; 2 CH;0CH, + CH,) also show quite

dx.doi.org/10.1021/ef4017762 | Energy Fuels 2013, 27, 6247—6254
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Figure 11. Reaction pathways for three fuel mixtures (DMEO, DMES0,
and DMEI100) at T = 1200 K, p = 2 atm, ¢ = 0.5, and 20% fuel
consumption.

high sensitivity, as shown in Figure 8b. Because of the higher fuel
concentration in the fuel-rich mixture, reactions R431 and R437
have higher reaction rates under the fuel-rich condition.
Therefore, ignition delay times of neat DME decrease with the
increase of the equivalence ratio.

DMED DME100 3.3. Effect of the DME Blending Ratio. Because ignition
CH3CH3 CH3OCH3 —187% g:go delay times of ethane/DME blends vary remarkably with the
(H)414% Gz * variation of the DME blending ratio under the fuel-lean
(+OH) 43.5% (+0)3.7% conditions, the effect of the DME blending ratio is analyzed at

(+0) 13.6% (+CH3) 23.6% . c e . ops .
(+CH3) 1.3 % (+H02) 2.2% ¢ = 0.5. Figure 9 shows the variation of ignition delay times
e CHICH2 (+HO2) 2.1% Cfgilo CH3OCH2 versus the DME .bllending rati(? at three different temperatures. It
(+02) 12.6% w/« is noted that ignition correlations cannot be developed because
the measured data do not show complete Arrhenius temperature

C2H4 (+H) 6.9% C3H8 100% . o . K .

dependence. In addition, it is difficult to obtain the experimental
CH3+CH3 CH3+CH20 data points at the same temperature for various mixtures. As a
result, modeling results by the AramcoMech_1.3 model are used
DME50 for comparison. It is found that ignition delay times of ethane/
CH3CH3 CH30CH3 Mﬁc:go DME mixtures increase nonlinearly with increasing the DME
(+H) 36.8% (+H) 32.9% blending ratio, especially at T = 1200 K. In comparison to the

(+OH) 39.4% (+OH) 41.9% . . . s .
(+0) 14.2% 231)153)19/"2 . very slow increase for DME-rich mixtures, ignition delay times
MHB)Z;/;)HV 2O K+HO2) 1.7% increase fast at DME blending ratios less than 50%. Figure 10
Hyssow  CH3CH2 —_— +OH  CH3OCH2 shows ignition delay times of four hydrocarbon/DME blends
(+02) 10.9% w* versus the DME blending ratio. Although the comparison was
C2H4 +H) 0% C3Hs 100% conducted under different experimental conditions, the data can
represent the respective ignition characteristics of four blends. It
CH3+CH3 CH3+CH20 is observed that ethane/DME blends show quite different

ignition behaviors from the other three hydrocarbon/DME
blends. With the increase of the DME blending ratio, ignition
delay times of methane/DME"" blends decrease nonlinearly and
sharply, while those of propane/DME"? and n-butane/DME"?
blends decrease linearly.

To further understand the effect of the DME blending ratio,
reaction pathways of neat ethane (DMEOQ), the ethane/DME
mixture (DMESO0), and neat DME (DME100) were analyzed at
T =1200K, p = 2.0 atm, and ¢ = 0.5, as shown in Figure 11. The
timing at 20% fuel consumption is selected according to the
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Figure 12. Mole fraction of small radicals (H, OH, O, HO,, and CH;) for three fuel mixtures (2, DMEO; b, DMES0; and ¢, DME100) at T= 1200 K, p =
2 atm, and ¢ = 0.5.
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previous literature.'” It is noted that, for DMES0, the analysis was
conducted at the timing of 20% ethane consumption because of
the different consumption rates of ethane and DME. Figure 12
presents mole fractions of small radicals (H, OH, O, HO,, and
CH,) for the three mixtures under the same condition.

For neat ethane shown in Figure 11, most ethane undergoes
H-abstraction by the small radicals (H, OH, O, and CH}) to form
ethyl radicals. Subsequently, 69.9% ethyl radicals decompose to
produce ethene and H radicals, resulting in the very fast increase
of H radicals of neat ethane in Figure 8a. The abundant H radicals
then produce much OH and O radicals by reaction R1 (H + O,
2 OH + O). A total of 6.9% of ethyl radicals react with H to form
methyl radicals, resulting in the relatively fast increase of methyl
radicals in Figure 12a.

Only 18.7% of neat DME directly decomposes to form methyl
and CH;O radicals, while most DME undergoes H-abstraction
by the small radicals to form CH;OCH,. Subsequently, the
produced CH;0CH, radicals decompose to form methyl radical
and formaldehyde. The decomposition of DME and CH;0CH,
radicals is ascribed to the very high mole fraction of methyl
radicals for the neat DME mixture in Figure 12c¢. In the oxidation
of neat DME, H radicals are mainly produced by a small amount
of CH;0 radicals by reaction [CH;0 (+M) 2 CH,0 + H
(+M)], leading to their relatively slow increase.

For DMESO shown in Figure 12b, all small radicals show
similar profiles to those of neat DME but they have slightly
higher values than those of neat DME and quite lower values
than those of neat ethane. Thus, the addition of 50% DME to
ethane greatly changes the mole fractions of small radicals,
leading to the fast increase of ignition delay times, as shown in
Figure 9. In the oxidation of DMESO in Figure 11, the reaction
pathway (C,H; + H 2 CH; + CHj;) is completely shutdown
because of the very high mole fraction of methyl radicals mainly
produced by the DME component. In comparison to neat DME,
H-abstractions by H, O, and OH radicals have higher branching
ratios. These H, O, and OH radicals are partly derived from the
oxidation of the ethane component. Therefore, although ethane
can produce H, O, and OH radicals more readily than DME, the
produced H radicals by ethane feed not only ethane itself but also
DME for H-abstraction in the oxidation of DMESO. As a result,
the reaction rate of ethane in the oxidation of DMESO0 is greatly
reduced, leading to the great increase of ignition delay times.

4. CONCLUSION

Ignition delay times of ethane/DME mixtures were measured in
a shock tube. The AramcoMech 1.3 model and Zhao’s model
were employed for the simulation of the ignition delay time. The
AramcoMech 1.3 model well captures the effect of the DME
blending ratio on ignition delay times of ethane/DME mixtures
and yields good agreements with measurements under all test
conditions. Zhao’s chemical model yields remarkable under-
prediction for DME-rich mixtures, which is probably caused by
the too high reaction rate of reaction (CH;OCH, + CH; 2
CH,;0CH, + CH,). With increasing the equivalence ratio,
ignition delay times of neat ethane increase, while those of neat
DME decrease. The DME blending ratio shows a nonlinear effect
on the ignition delay time because of the competition of DME for
small radicals produced by ethane.
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