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Explosion behavior of methane - dimethyl ether /air mixtures
Bo Zhang , Hoi Dick Ng

Abstract
In this study, the effect of dimethyl ether (DME) addition on the explosion of methane/air mixture
is investigated. In particular, the explosion and deflagration parameters of various CHs-DME/air
mixtures are systematically studied. Those parameters include flammability limits, maximum
explosion pressure, pmax, maximum rate of pressure rise (dp/df)max, and laminar burning velocity Si.

In general, the experimental results indicate that both pmax and (dp/df)max increase with increasing
DME content in the total fuel. Simple correlations to evaluate the dimensionless pressure (;) of
CHy-air and DME-air mixtures with an initial pressure of 100 kPa are developed and given
respectively by ;=1/[2.81839+0.22424XCH4-2.14347ln()(CH4)] and ;: 1/[1.04153+0.12637xpme

-0.94532I/n(ypme)] where y is the volume fraction of the fuel. The experimental results also indicate
that for lean CH4 mixtures, the relationship between pmax and DME concentration exhibits an
inversely “U-shaped” curve. In contrast, an exponential decay of pmax With increasing DME
concentration is observed for rich CH4 mixtures. By adding DME into the CHy-air mixture, both the
lower and upper flammability limits go down. The maximum amount of the total fuel for the binary
blend (CH4 plus DME) below which the mixture can be initiated is approximately 15~16%. Lastly,
a good agreement is found in the determination of the laminar burning velocity Sp using both a
theoretical model and the CHEMKIN-PREMIX simulation. For CH4s-DME/air mixtures, the S; near
the stoichiometric equivalence ratio ¢y = 1 is larger than the fuel lean or rich side. It is found that
with a slight amount of DME adding into the lean CHs mixture, making ¢ closer to
stoichiometry, the value of Sp. increases. However, with further addition of DME into lean CHy
mixture, or DME adding into rich CH4 mixture, only a decreasing behavior of S is observed.

Keywords: Dimethyl ether addition; Maximum explosion pressure; Maximum rate of pressure rise;

Flammability limits; Laminar burning velocity
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1 Introduction

Alternative fuels with the properties of high-efficiency and low-emission combustion, have
received particular interests because of the rapid increase in energy consumption and increasingly
stringent emission regulations. Among them, natural gas (NG) is one of the most widely used
alternative fuels for automobiles and has long been considered as a promising alternative fuel due to
its favorable chemical characteristics, such as: high H/C ratio, large octane number, and especially
its low emissions [1-3]. Methane CH,4 as an environmental-friendly fuel and the main component of
NG produces less carbon dioxide for each unit of heat released, but more heat per mass unit than
other complex hydrocarbons. Nonetheless, methane has some drawbacks regarding its combustion
properties, e.g., long ignition delay time, low flame speed, low ignitability and narrow flammability
limit range. All of these pose great challenges for its wide utilization in combustion engines [4].
However, using more reactive fuel additives, the ignition and combustion performance of methane
could be greatly enhanced. From studies conducted by Dagaut [5, 6] and Yao et al. [7, 8] on the
detailed chemical mechanism for low and high temperature DME oxidation and the effect of DME
addition to methane for homogeneous charge compression ignition (HCCI) engines, respectively,
DME has shown promise as an effective promoter of high temperature methane ignition. Due to an
increasing interest in using NG in the automotive industry, a thorough understanding of the
fundamental explosion and combustion characteristics of DME-added mixtures is therefore
important for developing advanced, NG-based, combustion engines and corresponding operating
strategies [4].

Fundamental combustion properties, such as laminar flame speed and Markstein length, have
been extensively studied in the past for methane- [9-11] and DME-air mixtures [12-18]. Many
studies have been performed on CH4/H, or CH4/DME binary fuel blends regarding the ignition
delay time [4, 19-22], internal combustion engine ICE performance [23-25], and laminar flame
speed [26-28]. The effects of DME addition on the high temperature ignition and burning properties

of methane-air mixtures were also studied experimentally and numerically [19]. Premixed and
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non-premixed ignition of methane/DME binary fuel blends with hot air has been studied through
numerical simulation with detailed chemistry and various thermodynamic as well as transport
properties [4].

While the combustion characteristics of methane mixtures with DME addition have been
studied extensively, comparatively little explosion safety data, e.g., maximum explosion pressure,
Pmax, maximum rate of pressure rise (dp/df)max, flammability limits, and laminar burning velocity Si,
are currently available. In fact, the explosion hazard of CHs-DME mixtures, within storage
infrastructures, is high due to the large destructive energy release associated with the combustion
phenomenon. Therefore, in this study, experiments are performed systematically to address the
explosion safety problems of CHs-DME/air mixtures by recording overpressure histories at
different composition of CH4 and DME in a standard 20-L spherical vessel and analyzing various
derived explosion parameters. The data obtained in this study can contribute to a better

understanding of the explosion behavior of CH4-DME/air mixtures.

2 Experimental details

Measurement of the explosion parameters in CHy-DME/air mixtures were carried out in a standard
20-L explosion spherical vessel according to the international standard ISO6184-1. A schematic of
the apparatus is shown in Fig. 1. This facility was used previously for the same type of
measurement for other gaseous fuels (e.g., natural gas) and detailed information of the experimental
details can be found in [29] . In brief, the 20-L explosion spherical vessel consists of an explosion
chamber, an electric ignition system, a control unit, a data acquisition system, a release valve, a
vacuum pump and an air pump. A high-voltage electric spark was used to supply the ignition energy
as in our previous studies [30-39]. The igniter was mounted at the center of the spherical bomb and
a spark energy of 10 J, estimated from 1/2 CV* (“C” and “V” refer the capacitance and voltage,
respectively. C=0.1102x107 F, ¥/ = 426 Volts), was delivered by an electric ignition system.

For the explosion experiments, gas concentrations were regulated by the method of partial
4
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pressure. The purities of the CHs and DME used in this experiment were 99.9% and 99.8%,
respectively. The air used in the experiment is of 21% oxygen and 79% nitrogen (by volume). The
experiments were performed at initial pressure of 100 kPa and temperature of 298 K. During the
experiments, the explosion pressure evolutions were measured by a PCB pressure transducer
installed in the vessel wall and recorded by a data acquisition system for each shot. These data
yielded raw values of the explosion pressure and rate of pressure rise. In the present study, at least
three shots were repeated at the same initial condition of the experiment, and five or more shots
were made for the mixtures near LFL and UFL. Thus, the LFL and UFL were determined if half

shots indicated explosion occur.

3 Results and discussion

3.1 Maximum explosion pressure and maximum rate of pressure rise

Samples of pressure traces obtained from experiments are shown in Fig. 2. In Fig. 2, pmax occurs at
the peak of the curve, however, (dp/df)m.x represents the most steep of the curve, the maximum of
those parameters do not occur at the same place. To characterize the mixtures, 4 is defined as the

ratio of DME over the total fuel (i.e., CH4 plus DME) as follows:

p=—Cowe (1)
CDME + CCH4

in which Ccpa and Cpvg denote the CH4 and DME concentration, respectively. 4 varies from 0 (pure
CH,) to 1 (pure DME). Unless specified, the total fuel is at the stoichiometric concentration with air.
It can be seen from Fig. 2 that the maximum explosion pressure pm.x increases with A. It should be
noted again that the ¢ (€quivalence ratio of the overall fuels over air) is kept to 1 as 4 changes.
The slope of the pressure history is also observed to become more steep or in other words, the
maximum rate of pressure rise (dp/df)max increases as well with increasing 4. Figure 3 summarizes
the pmax and (dp/df)max versus A at an initial pressure po= 100 kPa. It shows clearly that py.x and

(dp/df)max increase with increasing DME content in the total fuel.
5
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For pure CHs-air and DME-air mixtures, the maximum explosion pressure at different fuel
concentrations are shown in Fig. 4 and Fig. 5, respectively. The dimensionless pressure pmax/po has
a maximum value slightly above the stoichiometric concentration (Ccps = 9.5% at ¢ ~ 1.0). The

experimental data and the curve fit of the dimensionless pressure at different CH4 concentration are
shown in Fig. 4. The dimensionless pressure (;) at different CH4 volume fraction is correlated by

the following equation:

- 1
p= (2)
2.81839+0.22424x,_,-2.14347In(x,,,)

where, p= P/ Py, X, isthe volume fraction of CH, in air. The coefficient of determination R*

equals to 0.9026. It should be noted that Eq. (2) is only valid for the initial pressure of 100 kPa and
temperature of 298 K. It is noteworthy that, although both C and y are essentially representing the
volume fraction, C denotes the volume fraction of one fuel (either DME or CHy) in
binary fuel blends, whereas, y is the fuel volume fraction for the mixture that contains only one
fuel.

A similar plot of the dimensionless pressure versus DME concentration at 100 kPa and 298 K
is shown in Fig. 5. The peak of pmax appears at the DME concentration Cpvme of 7%, which is
slightly larger than the stoichiometric concentration (Cpme = 6.54% at ¢ = 1). This behavior is
similar to the CHs-air mixture. The dimensionless pressure at different DME volume fraction is
given by the following expression:

- 1
p= (3)
1.04153+0.12637x,,-0.94532In(x, )

where, x__is the volume fraction of DME in air, the coefficient of determination R* equals to

0.9217.
Measurements of the maximum explosion pressure of CH4-DME binary fuel blends with air
are also performed in this study. In the experiment, the variation of the fuel composition was done

by adding or reducing the composition of DME, at a constant amount of CHy4 (e.g., 0%, 2%, 4%,
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etc.) for each text matrix. The measured maximum explosion pressures for CHs~-DME/air mixtures
are shown in Fig. 6. Fig. 6a shows that the relation between pn.x and DME concentration is an
inversely “U-shaped” behavior. The peak of each curve moves to the left side as the amount of CHy4
increases from 2 % to 8 %. Numerical values of these peaks are given in Table 1 and compared with
the data of pure CHs-air and DME-air mixtures. It is found that the peak of pm.x occurs at an
equivalence ratio of the total fuel @ slightly larger than 1 (i.e., between 1.08 to 1.22). For a
mixture with a larger amount of CH4 and less DME addition, the value of p.x decreases.

However, as the equivalence ratio ¢cp4 is larger than 1, the relation between pn.x and DME
concentration is completely different. An exponential decay curve is observed as shown in Fig.6b.
This can be explained by the fact that adding DME makes the mixture even more fuel rich
condition. For example, the values of ¢ are 1.77 and 1.66 for Cepys= 10% with Cppme= 4%, and
Cena = 12% with Cpme = 2%, respectively. Consequently, the corresponding ppax values become
relatively small, merely of 0.32 MPa and 0.30 MPa, respectively.

The chemical equilibrium values of pn.x are obtained using the GASEQ equilibrium software
[40] to compare with experimental results as shown in Figs.3-6. Large discrepancy can be seen as
the condition of the LFL and UFL is approached. The theoretical maximum explosion pressure
from GASEQ is based on the hypothesis of ideal adiabatic explosion without losses. As the
composition approaches to fuel lean and rich sides, heat loss and also incomplete reaction can
significantly affect the explosion process making the phenomenon non-ideal. It is thus expected that
a large discrepancy occurs between the measured results from experiment with the calculation of
ideal adiabatic explosion using chemical equilibrium [41]. For some cases, the experimental data of
Pmax are larger than that from GASEQ, e.g., near the stoichiometric condition of DME-air (see
Fig.5). This may be possibly due to the error of experimental measurement and other possible
transient effect. Nevertheless, these two sets of data are close if the measurement uncertainty is
taken into account. In general, the GASEQ data are larger than experimental results at

off-stoichiometric conditions.
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The above analysis indicates that the behavior between pn.x and DME concentration depends
on the equivalence ratio of CHa. For pcps < 1, the behavior exhibits an inversely “U-shaped” curve,

whereas for pcys> 1, an exponential decay curve is found.

3.2 Flammability limits
At the ambient condition of 100 kPa and 298 K, the LFL and UFL of CH4/air determined from this

study are 5% and 15%, respectively. For DME/air mixture, the LFL and UFL are 3.5% and 19%,
respectively. It is noteworthy that the flammability limits for the CHs-air mixture obtained in this
study agree well with the result published in a previous study (4.9% and 15.9%) [42]. For the
DME-air mixture, Mogi et al.[43] reported that the flammability limits were 4% and 13% obtained
using an explosion vessel with an internal volume of 180 L. A noticeable discrepancy is thus found
on the rich limit, and the size of the chamber appears to be an influencing factor on the
flammability limits, as argued by Zhang et al.[44]. This difference may be explained by the fact that
in the small-scale apparatus, acoustic disturbance reflected from the chamber wall may generate
turbulent fluctuations facilitating the flame propagation, hence prolonging the explosion limit.
Other effect such as the mixture inhomogeneity and cooling effect for a higher volume in the large
chamber vessel may also cause the observed discrepancy. It is worth noting that another study by
Chen et al. [45] reported the flammability limits of 4% and 17% for DME-air mixtures using a
smaller chamber, which indeed approach to the findings of this study.

Comparatively the flammability limits of DME/air are broader than CHys/air mixture. For
blended CH4-DME/air mixtures, the results are tabulated in Table 2. It is found that the LFL and
UFL of one fuel decreases with increasing amount of another fuel addition, e.g., as the addition of
CH, increases to 4% in DME-air mixture, the LFL and UFL of DME decrease to 1% and 12%,
respectively. For DME-air mixtures, the UFL is 19%. The presence of CHy in a binary fuel blend
restricts the maximum amount of the total fuel below which the mixture can be initiated to

approximately 15~16%, e.g., with 4%, 6%, 8% CH, addition, the maximum amount of DME so the
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mixture can be initiated is 12%, 10% and 8%, respectively. Hence, these results show that CHy4 has
a significant effect on the flammability of DME and controls the flammable range of the binary fuel
blends.

Again, the experimental results indicate that the flammability limits for CH4-air mixtures at the
initial condition of 100 kPa and 298 K are 5% for LFL and 15% for UFL. From the present data, it
is interesting to note that the width of the flammable area (i.e., the difference between LFL and
UFL) of the binary fuel blends is predominantly controlled by that of CHy-air. For example, only a
shift rather than a widening or narrowing of the flammable range occurs as a small amount of DME
is added into the CHy-air mixture. Equivalently, a small addition of CH4 has a more prominent
effect on the flammable range of the DME-air mixture. Without any CHy4 addition, it is already
noted that the flammability limits of the pure DME-air mixture are 3.5% and 19%, comparatively
wider than that of CHs-air. However, with just a small addition of CHy4 into the DME-air mixture, it
is observed that the width of the flammable area reduces noticeably to that of CH4 and further CHy
addition results only in a displacement of the flammable range as in the case of DME addition into

the CHy-air mixture.

3.3 Laminar burning velocity

The laminar burning velocity, Si, represents the rate at which the flame front propagates into the
unburned gas. It received particular attention not only because it is a basic physico-chemical
property (e.g., reactivity, diffusivity, and exothermicity) of the premixed combustible gases [46], its
accurate knowledge is also essential for engine design, modeling of turbulent combustion, and
validation of chemical kinetic mechanisms. In addition, the determination of laminar burning
velocity is very important for the analysis and calculations used in explosion protection [29].
Laminar burning velocity are computed using the PREMIX module of the CHEMKIN package
[19, 41, 47-49], and alternatively by a theoretical model developed by Dahoe et al. [50, 51]. For the
CHEMKIN-PREMIX simulation, the chemical kinetic mechanism involves 46 species and 263

reaction [52]. In the previous work by Chen et al.[19], equivalent PREMIX calculations of the
9
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laminar burning velocity for DME/CHa/air mixtures are performed, and results are in satisfactory
agreement with experimental data. As for the theoretical model, the laminar burning velocity
depends on puna.x and dp/dt. The model was also used in our previous study of natural gas-air

mixtures [29] and the mathematical expression is given by:

-2/3
a4 (w2 [ Peep )|
S, = 1 x 4)
(pmax_p0)3 3V p p pmax_po dt

where V' is the vessel volume, p and py are the actual pressure and initial pressure, and y denotes the
adiabatic coefficient of the unburned gas. Using Eq. (4) the value of the laminar burning velocity Sp
is first calculated by the measured pressure time history (i.e., actual pressure p and dp/dr) [51,
53-55] . The fitting of the data then yields the Sy at the reference initial condition Po. Only the Sp
data calculated at a flame radius greater than 6 mm are considered in order to avoid the distortion
and effects associated with spark ignition [26], so that it can be considered as an ideal spherical

flame propagating outward.

The laminar burning velocities computed by the above two methods for CHy-air and DME-air
at 100 kPa are given in Fig. 7. The computed results are also compared with other experimental
measurement. The experimental results for DME-air mixtures are taken from Daly et al. [13] and
Qin et al.[16]. For CHy-air mixtures, results from Chen et al. [19] are used for the comparison. It
can be seen from this plot both results agree well with each other. The values of S obtained from
the theoretical model given by Eq. (4) do not differ significantly from those computed by the
CHEMKIN-PREMIX simulation and previous experimental results.

Figure 8 shows the laminar burning velocities of CH4-DME/air mixtures at 100 kPa. For the
mixtures of ¢ < 1 (with fixed amount of Ccps= 2%, 4%, 6%, 8% for each data set), the laminar
burning velocity increases to a peak and subsequently decreases as the DME concentration
continues to increase. For the mixtures of ¢ > 1 (i.e., Ccpa= 10% and 12%), the laminar burning

velocity decreases rapidly as more DME is added. This is because for both CHy-air and DME-air,

10
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the values of S are usually highest near stoichiometric conditions. Equivalently for CH4~-DME/air
mixtures, the value of Sy near gy = 1 is generally larger than on the fuel lean or rich side as well.
As a small amount of DME is initially added into the CH4 lean mixture, the equivalence ratio of the
total fuel-air mixture tends toward stoichiometry, which makes S; increase. However, if more DME

is added into the lean CH4 mixture (or DME added into the rich CH4 mixture), S decreases.

4 Concluding remarks

A detailed investigation on the explosion behavior of methane - dimethyl ether /air mixture is
performed in this study. The explosion and deflagration parameters including the maximum
explosion pressure, maximum rate of pressure rise, flammability limits, and laminar burning
velocity of the mixture are systematically measured and analyzed. Some conclusions are made as
follows:

1. pmax and (dp/df)max increase with increasing DME content 4 in the total fuel. For both

CHy-air and DME-air mixtures, the dimensionless pressure at the equilibrium state has a maximum

value at slightly above the stoichiometric concentration, and dimensionless pressure ; can be
approximated by the correlations: ; =1/[2.81839+0.22424ycn4-2.14347In(ycnsa)] and

; =1/[1.04153+0.12637ypme-0.94532n(ypme)] at 100kPa, respectively.

2. The relation between pn.x and DME concentration exhibits an inversely “U-shaped” curve
for CHy4 lean mixture, and an exponential decay curve for CH4 rich mixture. By adding the content
of DME into CHy-air mixture, the flammability limits are slightly extended. The maximum amount
of the total fuel (CH4 plus DME) below which the mixture can be initiated is approximately
15~16%.

3. The comparison of laminar burning velocity results between the CHEMKIN-PREMIX
simulations and a theoretical model shows a satisfactory agreement for both CHy-air and DME-air
mixtures at 100 kPa. For CHs-DME/air mixtures, Si. near ¢ = 1 is larger than fuel lean or rich

mixtures. As initially a small amount of DME is added into the lean CH4 mixture, the mixture @i
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moves closer to 1 causing Sp to increase. Further additions of DME into the lean CH4 mixture, or

any DME added into the rich CH4 mixture, only result in a decrease of S;.
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Tables

Table 1 The compositions of CH4 and DME and corresponding ¢ at the peak value of pmax

Table 2 Flammability limits of CH4-DME/air mixtures

Table 1
CHy / % vol. DME / % vol. Drotal Pumax | MPa

0 7 1.08 1.08

2 6.5 1.22 0.94

4 5 1.20 0.88

6 3 1.10 0.85

8 2 1.16 0.78

10 0 1.06 0.80

Table 2
CH, LFL(DME) UFL(DME) DME LFL(CH,) UFL(CH,)
%vol. %vol. %vol. %vol. %vol. %vol.

0 3.5 19 0 5 15
2 3 14 1 4 14
4 1 12 3 2 12
6 - 10 5 0 10
8 - 8 6.5 - 8
9.5 - 6 7 - 8
10 - 6 9 - 6
12 - 3 11 — 4
14 - 1 13 — 2
15 — — 15 — 1
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Figure captions

Fig.1 The 20-L explosion spherical vessel (1 = DME, 2 = CH,4, 3 = air)

Fig.2 Typical pressure trajectories for different CH4 and DME compositions

Fig.3 pmax and (dp/df)max as a function of ratio 4

Fig.4 pmax as a function of CHy4 concentration at 100 kPa

Fig.5 pmax as a function of DME concentration at 100 kPa

Fig.6 pmax as a function of DME concentration with different CH4 composition, (a) gpcps < 1, (b)
ochs > 1

Fig.7 Comparison of the laminar burning velocity from different methods for CHy-air and DME-air
mixtures

Fig.8 Laminar burning velocity of CHs-DME/air mixtures
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