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ABSTRACT: The ﬂame temperatures in ﬂat, laminar premixed dimethyl ether (DME)/air ﬂames with varying degrees of
burner stabilization were measured by spontaneous Raman scattering in a range of equivalence ratio (φ) from 0.6 to 2.0. Three
commonly used mechanisms to describe DME oxidation were evaluated by comparing the calculated variation of ﬂame
temperature derived from one-dimensional ﬂame calculations as a function of DME/air exit velocity with those obtained from
the measurements. The results showed the necessity of incorporating radiative heat losses in the ﬂame calculations. The three
mechanisms yield similar results at φ = 0.6 and 2.0, underpredicting the temperatures more than 30 K. Diﬀerences between the
measured and predicted temperatures for burner-stabilized ﬂames are seen to indicate whether a free-ﬂame burning velocity
(SL) is too high or too low. The results suggest a free-ﬂame burning velocity of ∼14 cm/s at φ = 0.6, 2 cm/s lower than the
mechanisms predicted, and burning velocities closer to 49 and 40 cm/s for φ = 1.0 and 1.4, respectively. Sensitivity analysis of
the DME/air ﬂame temperature as a function of exit velocity shows that the DME decomposition reaction and H abstraction
from DME become important in the rich ﬂames at φ = 1.7 and 2.0.
having ﬂame temperatures below the adiabatic value. These
conditions can be achieved in burner-stabilized ﬂames, where
heat transfer to the burner reduces the burning velocity to the
exit velocity. To a certain extent, this is equivalent to
decreasing the temperature of the unburned air−gas mixture.10
In this paper, we employ a method for exploring
nonadiabatic conditions for testing the performance of
chemical mechanisms for DME oxidation with respect to the
burning velocity.11 To be speciﬁc, we use the method proposed
by Kaskan12 to change the ﬂame temperature by varying the
exit velocity of the unburned air/fuel mixture in a onedimensional (1D) burner. The ﬂame temperature is measured
as a function of exit velocity for DME/air mixtures and then
compared with the temperatures obtained from 1D ﬂame
calculations. Here, the ﬂame temperature is measured using
spontaneous Raman scattering. As will be shown below, this
method can produce data with an accuracy of ∼30 K.

1. INTRODUCTION
With increasingly stringent emission regulations for internal
combustion engines and the desire to replace fossil fuels,
dimethyl ether (CH3OCH3, DME) has signiﬁcant advantages
as a future fuel. First, it has a high cetane number, making
DME a candidate for use in diesel engines. Second, DME has
no C−C bonds, decreasing the tendency of soot formation.1
Moreover, it has a vapor pressure similar to that of LPG, and
hence can be used in the existing infrastructures for
transportation and storage.2 Additionally, it has been reported
that emissions of soot, nitrogen oxides, carbon monoxide, and
unburned hydrocarbon are indeed lower in DME-fueled
engines when using exhaust gas recirculation and proper
injection strategies.1,3−5 Well-tested DME chemical mechanisms would support the design and optimization of new
engines speciﬁcally intended for DME as a fuel. However,
compared with hydrogen, or even methane, the oxidation
mechanism for DME is complex and contains more species
and reactions with larger uncertainties in reaction rates. Thus,
the performance of a DME mechanism requires experimental
veriﬁcation over as wide a range of ﬂame parameters as
possible. Premixed laminar ﬂame studies play an important role
in testing chemical mechanisms since they provide data, such
as burning velocities and species proﬁles, amenable to
experimental investigation under well-deﬁned conditions,
which can be used to compare with the predictions of
numerical simulations. The majority of the experimental ﬂame
studies performed to date report the determination of freeburning velocities.6−8 However, only the equivalence ratio,
pressure, and temperature of the unburned gas can be varied in
this kind of experiment, where temperature variation is
performed by heating the unburned air−gas mixture.9 We
are not aware of previous studies examining ﬂame conditions
in which the burning velocity is below that of the free-ﬂame,
© 2019 American Chemical Society

2. EXPERIMENTAL SETUP AND MODELING
2.1. Burner System. Dimethyl ether with a purity of 99.8% was
used as fuel. Flames at diﬀerent equivalence ratios (φ) and ﬂow rates
were stabilized on a 6 cm diameter McKenna water-cooled bronze
burner using the same setup as reported previously,11 including the
use of the nitrogen shroud. The equivalence ratios and exit velocities
(v) of the unburned mixtures at room temperature were derived from
the mass ﬂow rates of fuels and air, which were measured by
calibrated Bronkhorst ﬂow meters. A set of ﬂow meters with diﬀerent
full-scale ranges was used to reduce the uncertainties of measured ﬂow
rates to below 2% of the measured value. The equivalence ratios
derived from the measured fuel and air ﬂows have an uncertainty of
∼3%. Additionally, the equivalence ratios were derived independently
Received: September 10, 2019
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stoichiometric ﬂame with an exit velocity of 30 cm/s is shown in
Figure 2. As can be seen, the temperature proﬁle is ﬂat with

from the concentration of oxygen (O2) in the unburned gas/air
mixture measured by a Maihak S 710 extractive gas analyzer, which
improved the accuracy in φ (to ∼1%). Both methods of determining
φ gave the same values to within 3%. The temperature of the fuel/air
mixtures was taken as 295 K. The uncertainties in measured
equivalence ratios and exit velocities result in an uncertainty in
setting the ﬂame temperature of less than 20 K (see below). Due to
the high pressure drop in the burner and low vapor pressure of DME
(∼4.4 bar) at room temperature, the highest exit velocity of the
unburned DME/air mixture in the present setup is limited to 35 cm/s,
which is lower than the free-ﬂame burning velocity at φ = 1.0 (∼44
cm/s) reported in other studies.13−15 As a result, it was impossible to
reach adiabatic conditions in DME ﬂames with free-burning velocities
higher than 35 cm/s. Although this limitation has few consequences
for the results described below (which rely on the variations in ﬂame
temperature with exit velocity), it does limit the assessment of the
uncertainty of the Raman measurements at higher temperatures. For
this purpose, we use mixtures of methane (with a purity of 99.995%)
and air at room temperature, for which 1D stabilized and free-burning
ﬂames can be obtained with equivalence ratios between 0.7 and 1.3,
showing enough variation in absolute temperature for the assessment.
2.2. Temperature Measurements. The Raman setup used for
temperature measurements in this study is similar to that described
elsewhere16 and utilized an Nd:YLF laser operating at a frequency of 5
kHz and producing averaged power of 30 W. The laser radiation was
focused on the ﬂame axial position at diﬀerent heights above the
burner (HAB), and the scattered signal was collected at 90°, dispersed
by a spectrometer, and measured by a CCD camera. The exposure
time for the signal acquisition by the CCD camera in the experiment
was set at 2 min. Further extension of exposure time did not improve
the quality of the Raman spectra signiﬁcantly. The temperature was
derived by ﬁtting the measured Raman spectrum from nitrogen (N2).
A typical N2 Raman spectrum in the DME/air ﬂame at φ = 1.2, v = 25
cm/s, and HAB = 1.0 cm is shown in Figure 1. The ﬁtting procedure

Figure 2. Radial temperature proﬁle in methane/air ﬂame at φ = 1.0,
v = 30 cm/s, and HAB = 1 cm.
diﬀerences not exceeding 30 K at a radial distance less than 2 cm from
the burner axis. The measured temperature horizontal proﬁles remain
ﬂat up to the heights of 2 cm even when exit velocity exceeds the freeburning velocity, and the ‘hill’ structure is observed visually instead of
the ﬂat ﬂame front.
2.3. Modeling. The conservation equations for 1D ﬂames were
solved using the Cantera package.17 The ‘Mixture averaged’ model18
was used for the calculation of transport properties. In the
calculations, the computation domain was set to 10 cm. The ﬁnal
solution was obtained with a grid of ∼140 points. Further increase in
the number of grid points resulted in temperature changes less than
10 K. The calculations were performed for both burner-stabilized and
free ﬂames. As a rule, the calculations did not converge in the burnerstabilized ﬂames with exit velocities in the range higher than 80% of
the free-burning velocity. For this velocity range, the calculated
temperatures shown in the plots below are linearly interpolated. In the
Cantera suite, the radiative heat losses are taken into account using
the gray-gas approximation in the optically thin limit,19 where CO2
and H2O are assumed as the only radiating species. Planck mean
coeﬃcients of CO2 and H2O are calculated using polynomials from
refs 20 and 21.
2.4. Chemical Mechanisms. For the assessment of the
temperature determination, methane/air ﬂames were simulated
using the GRI-Mech 3.0 mechanism, which contains 53 species and
325 elementary chemical reactions.22
For DME, three widely used chemical mechanisms were evaluated
in this paper. Zhao model: The mechanism developed by Zhao et
al.,23 based on the studies of the unimolecular decomposition reaction
of DME in a ﬂow reactor at a temperature of 980 K and pressure of 10
atm, contains 55 species and 290 reactions. Below, we refer to this
mechanism as the Zhao model. The free-ﬂame burning velocities (SL)
of DME/air ﬂames calculated using this model for equivalence ratios
from 0.6 to 2.0 are shown in Figure 3. The mechanism proposed by
Liu et al.24 (the Liu model), obtained by adopting the hydrogen
subset from ref 25 and updating the reaction rate constants of the
Zhao model, includes 55 species and 295 reactions. The free-ﬂame
burning velocities calculated by the Liu model are also shown in
Figure 3. As can be seen, the diﬀerence of predictions between these
two models is marginal at lean (φ < 1.1) and rich (φ > 1.7)
conditions, while the Liu model predicts higher SL than the Zhao
model at 1.1 < φ < 1.7. Finally, the mechanism developed by Burke et
al.26 (“NUIG Mech_56.54”), based on the studies of the ignition
delay time of DME, methane, and their mixtures covering a range of
conditions relevant to gas turbine environments. This model is more
complex than the Zhao and Liu models and contains 113 species and

Figure 1. Measured and ﬁtted N2 Raman spectrum in DME/air ﬂame
at φ = 1.2, v = 25 cm/s, and HAB = 1 cm.
for this ﬂame yields T = 1967 K. Vertical temperature proﬁles were
measured by moving the burner ﬁrst down ∼2 cm from the initial
position at HAB = 2 mm and then back with steps 2 mm, thus
providing two proﬁles for the same experimental conditions. The
diﬀerences in the derived temperatures were less than 20 K, indicating
the short-term reproducibility (regarding ﬂame conditions and
positioning) of our measurements. The day-to-day reproducibility
was also generally better than 20 K. Since the reproducibility of the
temperature measurements was better than the estimated accuracy
(∼30 K, see below), the error bars in the temperature plots are ±30
K.
In addition to the visual control, the ﬂatness of the ﬂames was
veriﬁed by measuring the horizontal temperature proﬁles at all exit
velocities. A typical horizontal proﬁle at a height of 1 cm for the
11977
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cm/s up to ∼2050 K at v = 30 cm/s, indicating decreasing
upstream heat losses to the burner surface. At the three exit
velocities, the measured temperatures increase to a maximum
and then begin to decrease toward the end of the measured
domain, the decrease varying with exit velocity. The temperature proﬁles calculated using GRI-Mech 3.0 without radiative
heat loss from the hot gases, as shown in Figure 4, display the
usual increase in temperature from the slow approach to
equilibrium caused by radical recombination in the post-ﬂame
gases, substantially overpredicting the (measured) temperature. Repeating the calculations while incorporating radiative
heat loss improves the agreement with the measured proﬁles
signiﬁcantly, with a slight overestimate of the heat loss in the
measurements for v = 10 cm/s at HAB > 1 cm. Very good
agreement between the computed proﬁles with radiative heat
losses and the measurements was also observed for other
equivalence ratios and exit velocities, implying the necessity of
including this heat loss mechanism in the analysis.
The impact of radiative losses on the measured temperature
was further analyzed by measuring temperatures at a ﬁxed axial
distance (HAB = 1 cm) in stoichiometric methane/air ﬂames
while progressively increasing the exit velocity. The results of
these measurements are shown in Figure 5. As can be seen, the

Figure 3. Calculated free-ﬂame burning velocities of DME/air ﬂames
at a temperature of 295 K and a pressure of 1 atm.
710 reactions. Comparing with the Zhao and Liu models, NUIG
Mech_56.54 predicts highest SL at φ in the range from 0.8 to 1.7,
while at leaner (φ < 0.8) and richer (φ > 1.7) conditions, the
predicted SL from all three models are indistinguishable as shown in
Figure 3.

3. RESULTS AND DISCUSSION
3.1. Temperature Measurements in Methane/Air
Flames. The accuracy of temperature measurements is
assessed here by comparing the measured and calculated
temperatures in “free-burning” ﬂames, i.e., ﬂames without heat
transfer to the burner. The temperature of these ﬂames can be
calculated using thermodynamics, which would obviate
uncertainties related to the impact of chemical kinetics. To
achieve these conditions, the exit velocities of the unburned
gas/air mixtures at a ﬁxed equivalence ratio are progressively
increased to the point at which the ﬂame temperature is
independent of exit velocity. As mentioned above, while the
equilibrium temperatures for adiabatic DME/air ﬂames are
readily calculated, the free-burning exit velocity could not be
reached for these ﬂames under all conditions, and methane/air
ﬂames were used for this purpose. Figure 4 shows temperature
proﬁles measured at φ = 1.0 and v = 10, 20, and 30 cm/s. As
expected, the measured ﬂame temperature increases with the
exit velocity of the unburned mixture, from ∼1700 K at v = 10

Figure 5. Measured (circles) and calculated temperatures with (solid
line) and without (dashed line) radiative heat losses at HAB = 1 cm as
a function of exit velocity in stoichiometric methane/air ﬂames.

measured temperature increases with increasing exit velocities
up to ∼38 cm/s. Above this velocity, close to the free-burning
velocity for stoichiometric methane/air ﬂames,27,28 the
measured temperature remains constant, indicating no heat
transfer from the ﬂame to the burner. While one would expect
the measured ﬂame temperature under these conditions to be
the adiabatic stoichiometric value (∼2225 K), the maximum
measured temperature is ∼2150 K. At HAB = 1 cm in a
stoichiometric methane/air ﬂame, the observation of a lower
temperature can be ascribed to radiative losses and to being
upstream of the point at which equilibrium is reached
downstream of the burner. The ﬂame temperatures were
calculated with and without radiative heat losses as shown in
Figure 5. The calculations without radiative heat losses
overpredict the ﬂame temperature ∼60 K at v < 38 cm/s,
while the calculations with radiative heat losses predict the
ﬂame temperature very well up to v = 38 cm/s. We examine
this agreement further by varying the equivalence ratio and

Figure 4. Axial temperature proﬁles in methane/air ﬂames at φ = 1.0.
Symbols: measurements in ﬂames at exit velocities 30 cm/s (circles),
20 cm/s (squares), and 10 cm/s (triangles). Lines: calculations using
GRI-Mech 3.0 with (solid) and without (dashed) radiative heat
losses.
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comparing the measurements for the free-ﬂame temperatures
with the computations with and without radiation.
Similar measurements were performed at diﬀerent equivalence ratios. The results of these measurements are presented
in Figure 6, where the temperatures of free ﬂames at HAB = 1

Figure 7. Axial temperature proﬁles in DME/air ﬂames at φ = 1.0, v =
25 cm/s. Circles: measurements in ﬂames, lines: calculations using the
Liu model with (solid) and without (dashed) radiation.

amplify the diﬀerences observed, the axes for the diﬀerent
equivalence ratios are plotted on diﬀerent scales; but for all
data, the error bars of the measured ﬂame temperature and exit
velocity were set at 30 K and 1 cm/s, respectively, in all graphs
in Figure 8. The highest computed exit velocities shown in the
ﬁgures are those calculated free-ﬂame burning velocities at the
speciﬁed equivalence ratio shown in Figure 3. Experimentally,
we take the free-ﬂame burning velocity either as the exit
velocity above which the measured ﬂame temperature remains
constant, as in Figure 5, or the exit velocity at which the
measured ﬂame temperature reaches the calculated free-ﬂame
temperature.
At the lowest equivalence ratio φ = 0.6 (Figure 8a), stable
ﬂames could be obtained only in the range of exit velocities
from 10 to 14 cm/s and the variations in ﬂame temperature are
only ∼80 K in this range. While all three mechanisms predict
temperatures within 20 K of each other, they underpredict the
measurements by 30 K or more, i.e., larger than estimated
accuracy of the temperature measurements as discussed above.
Provided that the sensitivity of temperature to the rate of
individual reactions does not change sign upon varying the exit
velocity. For burner-stabilized ﬂames, we recall that if the freeﬂame burning velocity is too high, then, at a given exit velocity
(v < SL) more heat must be transferred to the burner to reduce
the actual burning velocity to the exit velocity. Accordingly, the
observation that the computations consistently underpredict
the ﬂame temperature suggests a free-ﬂame burning velocity
that is too high. We remark that we could not make a stable ﬂat
ﬂame at an exit velocity of ∼16 cm/s, which is the predicted
free-burning velocity for all three mechanisms, but we also
observe that at the highest exit velocity attainable (∼14 cm/s),
the measured temperature has already reached that predicted
for the free ﬂame (∼1700 K) at φ = 0.6. Thus, our
measurements indicate that the free-burning velocity of
DME/air ﬂames at φ = 0.6 is roughly 14 cm/s. Most freeﬂame burning velocity measurements for DME/air ﬂames were
usually obtained in the range of φ = 0.7−1.9.9,33−35 However,
to our knowledge, the only measurement of the free-burning
velocity at φ = 0.6 was performed by Wang et al.2 and reported
to be slightly less than that reported here, ∼12 cm/s. The
results shown in Figure 8a show temperature at 12 cm/s that is
signiﬁcantly lower than that at 14 cm/s, indicating that the
value reported by Wang et al.2 is too low. Being able to

Figure 6. Methane/air ﬂame temperature as a function of equivalence
ratio at HAB = 1 cm. Measurements (circles) and calculations with
(solid line) and without (dashed line) radiative heat losses.

cm are shown. As can be seen, at all equivalence ratios, the
measured ﬂame temperatures are lower than adiabatic ones. In
rich ﬂames, the diﬀerence is ∼40 K, at the stoichiometric
ﬂame, it is ∼60 K and decreases to ∼30 K in lean ﬂames. The
fact that the ﬂame temperature measured by spontaneous
Raman scattering is systematically lower than adiabatic was
also observed previously.29 As discussed above, we attribute
this discrepancy to radiative heat losses, which can be
substantial in high temperature ﬂames.30−32 To test this
assumption, we performed calculations of 1D ﬂames taking
radiative heat losses into consideration. As can be seen in
Figure 6, the calculations and measurements agree very well if
the radiative heat losses are accounted for.
Comparing the measured and calculated temperatures in
free-burning ﬂames, we estimate the accuracy of the Raman
temperature measurements as 30 K. Therefore, in our analysis
of the performance of the mechanisms below, we will only
consider the disagreement between the measurements and
calculations as signiﬁcant if it exceeds 30 K. As mentioned
above, this uncertainty is used in the ﬁgures showing
temperature measurements.
3.2. Temperature Measurements in DME/Air Flames.
A typical vertical temperature proﬁle in the DME/air ﬂame at
φ = 1.0 and v = 25 cm/s is shown in Figure 7, as well as the
temperatures calculated using the Liu model with and without
radiative heat losses. Calculations with other mechanisms
yielded similar results and are not shown in Figure 7 to avoid
clutter. As seen for the methane/air results presented above,
the calculations without radiation overpredict the measured
temperatures, while the inclusion of radiation brings the
computed and measured temperature proﬁles to an agreement
within the measurement uncertainty. Hence, we will use only
the calculations with radiative heat loss for comparison with
the measured temperatures in the discussion below.
The measured and calculated DME ﬂame temperatures as a
function of exit velocities at ﬁxed HAB = 1 cm are shown in
Figure 8, for equivalence ratios φ = 0.6, 0.8, 1.0, 1.4, 1.7, and
2.0. To view the full range of temperature variation and still
11979
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Figure 8. Measured (circles) and calculated (solid lineLiu model, dashed line“NUIG Mech 56.54”, dashed dot lineZhao model)
temperatures in DME/air ﬂames at φ = 0.6 (a), φ = 0.8 (b), φ = 1.0 (c), φ = 1.4 (d), φ = 1.7 (e), and φ = 2.0 (f) as a function of exit velocity at
HAB = 1 cm.

between the other two mechanisms. This observation is
consistent with the diﬀerences in the free-ﬂame burning
velocities shown in Figure 3: at φ = 1.0, 46, 45.9, and 49.3 cm/
s are predicted by the Zhao, Liu, and NUIG Mech_56.54
models, respectively, and 36.3, 37.9, and 40.5 cm/s at φ = 1.4.
At φ = 1.0, all three models represent the experimental results
well at v < 20 cm/s, but diverge at a higher exit velocity; at v >
20 cm/s, the Liu model is still within the experimental
uncertainty of the temperature measurements, while NUIG
Mech 56.54 is in very good agreement with the experiments
and the predictions of the Zhao model are outside the
measurement uncertainty, by nearly 50 K. Similar trends are
observed at φ = 1.4 over the entire range of exit velocity
studied. These results suggest that the free-ﬂame burning
velocities are closer to 49 and 40 cm/s for φ = 1.0 and 1.4,
respectively.

indicate whether a predicted (or measured) value is too high or
too low is a substantial advantage of examining the behavior of
burner-stabilized ﬂames.
The diﬀerences among the calculated temperatures from all
three mechanisms are even less at φ = 0.8 (Figure 8b). At this
equivalence ratio, all three mechanisms slightly underestimate
the measured ﬂame temperatures (≤30 K) in the range of v =
10−20 cm/s, which is consistent with the underestimation of
ﬂame temperature observed at φ = 0.6; the agreement between
measurements and calculations is signiﬁcantly improved at exit
velocities above 20 cm/s (temperature above 1900 K).
In stoichiometric (Figure 8c) and rich (φ = 1.4, Figure 8d)
ﬂames, the diﬀerences among the temperatures predicted by
the three mechanisms become more noticeable. The Zhao
model always predicts the highest temperatures, while NUIG
Mech_56.54 predicts the lowest temperature, ∼50 K lower
than the Zhao model. The predictions of the Liu model lie
11980
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Figure 9. Sensitivity coeﬃcient for temperatures at HAB = 1 cm as a function of exit velocity in DME ﬂame, φ = 0.6 (a), φ = 1.0 (b), φ = 1.7 (c),
and φ = 2.0 (d).

For φ = 1.7 in Figure 8e, the DME ﬂame can only be
stabilized in the range of exit velocities 6−14 cm/s. All three
mechanisms predict the measured temperatures within 30 K;
the three mechanisms predict free-ﬂame burning velocities
within 13.5 ± 0.5 cm/s.
In the richest ﬂame, φ = 2.0 in Figure 8f, the exit velocities
were limited in the range of 3−6 cm/s. Allowing for the
diﬃculty in stabilizing a fuel-rich ﬂame at exit velocities below
5 cm/s, which we ascribe to buoyancy eﬀects, we only remark
that the three mechanisms tend to underestimate the ﬂame
temperature. To our knowledge, the free-burning velocity of
the DME/air ﬂame at φ = 2.0 has not been measured
previously, but, based on the measured temperature, the results
indicate a free-burning velocity ∼6 cm/s. Considering the ±1
cm/s uncertainty of the measurements, we consider the
computed free-ﬂame burning velocities in the range of 6−6.6
cm/s to be in good agreement with the measurements shown.
Summarizing, the overall performance of the chemical
mechanisms in the prediction of ﬂame temperatures as a
function of equivalence ratio is good in the region φ = 0.8−1.7,
with more deviation at 0.6 and 2.0. Below, we explore the
possibility of using the method to improve the model
predictions.
3.3. Sensitivity Analysis of Flame Temperature to
Variation of Rates of Chemical Reactions. To clarify the
performance of the chemical mechanisms in the prediction of
the measured ﬂame temperatures, we perform a sensitivity

analysis. The calculations were performed using the Liu model;
its performance is similar to NUIG Mech_56.54, but its
smaller size facilitates the analysis. For this purpose, we vary
the pre-exponential factor of the Arrhenius equation for the ith
reaction Ai by 50% and calculate the sensitivity coeﬃcients by
Si = 2*(T (x , 1.5Ai ) − T (x , Ai ))

where T(x, 1.5Ai) and T(x, Ai) are temperatures calculated at
distance x with 1.5Ai and Ai, respectively. In this formulation,
the sensitivity coeﬃcient is the temperature change when
increasing Ai by 50%, assuming a linear dependence of
temperature upon the rates of chemical reactions.
The sensitivity analysis was performed for ﬂames at
equivalence ratios φ = 0.6, 1.0, 1.7, and 2.0 for the exit
velocities used in the experiments. The results of the sensitivity
analysis at HAB = 1.0 cm are presented in Figure 9a−d, only
the ﬁve most important reactions are shown in the plot for
each equivalence ratio. We ﬁrst observe that, in contrast to the
results for hydrogen/air ﬂames,11 the impact of most sensitive
reactions is slightly dependent on exit velocity (diﬀerences less
than 10 K). Consequently, the variation of the rates of these
reactions will do little to aﬀect the curvature of the plots of
ﬂame temperature vs. exit velocity.
For the stoichiometric DME/air ﬂame (Figure 9b), the
chain branching reaction
H + O2 ⇔ O + OH
11981
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has the highest sensitivity SR1 ≈ −90 K, while the reaction of
CO oxidation
CO + OH ⇔ H + CO2

constants. Since both R9 and R10 are sensitive reactions at this
equivalence ratio and only consider DME, we choose these
reactions as an example. Since the predicted temperatures must
decrease to improve the agreement of this mechanism with the
experimental temperatures, the rate of R9 should be increased
and/or R10 should be decreased. Figure 10 shows the results

(R2)

takes the second place with SR2 ≈ −30 K. Reactions
CH3 + HO2 ⇔ OH + CH3O

(R3)

and
HO2 + H ⇔ OH + OH

(R4)

have close negative sensitivity coeﬃcients (roughly −20 K),
while only reaction
HCO + H ⇔ CO + H 2

(R5)

shows a positive inﬂuence, ∼20 K, on the ﬂame temperature.
Recalling the discussion above, reactions that increase the freeﬂame burning velocity will reduce the temperature of the
burner-stabilized ﬂame. Of course, these ﬁve reactions are also
the most sensitive reactions for the free-burning velocity in
stoichiometric methane/air ﬂame.34,36−38
At φ = 0.6, reactions R1−RRR3 remain the most important
reactions, with sensitivity coeﬃcients SR1 ≈ −60 K, SR2 ≈ −40
K, and SR3 ≈ −20 K, respectively, while reactions R4 and
RRR5 are replaced by
HCO + O2 ⇔ HO2 + CO

Figure 10. Measured (circles) and calculated temperatures as a
function of exit velocity at HAB = 1 cm, φ = 1.7. Solid line: with
reaction rates unchanged, dashed dot line: the rate of reaction R9
increased by a factor 10, dashed line: the rate of reaction R10
decreased by a factor 10.

(R6)

with the sensitivity coeﬃcient SR6 ≈ 30 K and
HO2 + OH ⇔ HO2 + O2

(R7)

of increasing R9 by a factor of 10 and by reducing R10 by the
same factor. This is outside the range of uncertainty of these
reactions.40,41 Both of these changes bring the predictions of
the Liu model at higher exit velocity closer to the experiments
while maintaining the agreement at lower velocities. We note
that the change in R9 increases the free-ﬂame burning velocity
to 15.2 cm/s, while the decrease in the rate of R10 increases
the burning velocity to 15.7 cm/s.

with the sensitivity coeﬃcient SR7 ≈ 15 K. The most sensitive
reactions (Figure 9a) for DME ﬂame at φ = 0.6 are also
important for methane/air ﬂames.39 To improve the agreement between the measured and computed temperatures, the
latter must be increased. That is, the free-ﬂame burning
velocity must be reduced. This implies decreasing the rate of
R1−R3 or increasing the rates of R6/R7. However, given the
importance of these reactions in the burning velocity of
methane, the impact of any changes in these rates on the
predictions for methane would have to be assessed
simultaneously. As such, we refrain from doing so here.
At φ = 1.7, reaction R1 (not shown in Figure 9c) and R3 still
show the highest sensitivity, with coeﬃcients SR1 ≈ −100 K
and SR3 ≈ −10 K, respectively. Moreover, three new reactions
appear in the list of most sensitive reactions: the reaction
between vinyl radical and hydrogen
C2H3 + H ⇔ C2H 2 + H 2

4. CONCLUSIONS
The temperatures of burner-stabilized premixed 1D DME/air
ﬂames at various exit velocities were measured using
spontaneous Raman scattering to evaluate DME chemical
mechanisms for predicting burning velocity. The method
allows testing mechanisms under nonadiabatic conditions at
(strongly) reduced temperatures. Comparison of measured
and calculated ﬂame temperatures in free-burning CH4/air
ﬂames show that radiative heat losses must be incorporated
when evaluating the predictions of chemical mechanisms. In
addition, we observe that the comparison of the measured and
computed temperatures permits conclusions regarding whether
a computed free-ﬂame burning velocity is too high or too low.
Regarding the performance of the three mechanisms of
DME oxidation studied:
(1) The calculations using NUIG Mech_56.54 and the Liu
model generally predict the results within the experimental uncertainty for ﬂames in the range φ = 0.8−1.7.
The Zhao model predicts the highest temperature
among all of the three mechanisms and fails to capture
the temperatures in ﬂames with high exit velocities at φ
= 1.0 and 1.4. All of the three mechanisms underpredict
the temperatures more than 30 K at φ = 0.6 and are at
the limits of the experimental uncertainty at the highest
exit velocities at φ = 2.0. The apparent leveling oﬀ of the
measured ﬂame temperature at 3 and 4 cm/s is herein

(R8)

the decomposition reaction of DME
CH3OCH3(+ M) ⇔ CH3O + CH3(+ M)

(R9)

and H atom abstraction from DME
CH3OCH3 + H ⇔ H 2 + CH3OCH 2

(R10)

At the richest conditions, φ = 2.0, reaction R1 still has the
largest negative sensitivity (SR1 ≈ −90 K, not shown in Figure
9d) and reaction R10 shows the largest positive sensitivity SR10
≈ 10 K. Three other reactions R2, R3, and R9 have Si of
roughly −10 K. At φ = 2.0, considering only the two highest
points, as mentioned above, the calculated temperatures are
within the vertical and horizontal error bars. Although the
predictions for φ = 1.7 are also reasonably close to the
measurements, we use this equivalence ratio to examine the
potential improved agreement by varying two of the rate
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Temperature Dependence of Laser-Induced Fluorescence of Nitric
Oxide in Laminar Premixed Atmospheric-Pressure Flames. Appl. Opt.
1997, 36, 3233−3243.
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Transport Processes, version 2.3.0, 2017.
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Flow : Theory and Practice TT; Wiley-Interscience: Hoboken, NJ,
2003.
(19) Liu, Y.; Rogg, B. Prediction of Radiative Heat Transfer in
Laminar Flames. Combust. Sci. Technol. 1996, 118, 127−145.
(20) Sandia national lab TNF workshop. http://www.sandia.gov/
TNF/radiation.html.
(21) Grosshandler, W. L. RADCAL: A Narrow-Band Model for
Radiation Calculations in a Combustion. Environment NIST Tech.
Note, 1993
(22) Smith, G. P., Golden, D. M., Frenklach, M., Moriarty, N. W.,
Eiteneer, B., Goldenberg, M., et al. http://combustion.berkeley.edu/
gri-mech/.
(23) Zhao, Z.; Chaos, M.; Kazakov, A.; Dryer, F. L. Thermal
Decomposition Reaction and a Comprehensive Kinetic Model of
Dimethyl Ether. Int. J. Chem. Kinet. 2008, 40, 1−18.
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attributed to buoyancy eﬀects, excluding them from use
in further analysis. The measured temperature at the
highest exit velocity (6 cm/s) at φ = 2.0 indicates that
the predicted range of the free-ﬂame burning velocity
(6−6.6 cm/s) is close to the true value.
(2) The underprediction of the measured temperatures at φ
= 0.6 suggests that the computed free-ﬂame burning
velocity of 16 cm/s for this equivalence ratio is too high;
the measured temperatures indicate a burning velocity
closer to 14 cm/s.
(3) The sensitivity analysis of the important reactions for
DME in the Liu model (as an example) at the
equivalence ratios studied shows that, in contrast to
hydrogen/air ﬂames, the sensitivity of the predicted
temperatures to the reaction rate is essentially insensitive
to the exit velocity. Thus, the variation of the reaction
rates will not aﬀect the curvature of the T vs. v plot.
Reactions involving DME only appeared in the ﬁve most
sensitive reactions in rich DME ﬂames, φ = 1.7 and 2.0.
Increasing the rates of the decomposition reaction R9 or
decreasing the reaction describing H abstraction from
DME (RRR10) by a factor of ten (or less) improved the
agreement with the measurements, implying an increase
in free-ﬂame burning velocity by 2 cm/s or less.
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1D = one dimensional
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SL = free-burning velocity of laminar ﬂame
Ai = pre-exponential factor of the Arrhenius equation for the
ith reaction
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