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Chemical species profiles have been measured at atmospheric pressure for two dimethyl ethergidME)

flat flames having fuel/air equivalence ratios of 0.67 and 1.49. The samples, obtained with an uncooled quartz
probe, were analyzed by either gas chromatography or Fourier transform infrared (FTIR) spectroscopy for
CHa, CHz, CoH4, CoHg, C3Hg, DME, CO, CQ, O,, CH,O, and formic acid. A pneumatic probe calibrated at

a reference position in the burned gas by a radiation-corrected thermocouple provided temperature profiles
for each flame. Species profiles for two methaa@ flames with equivalence ratios and cold-gas flow velocities
similar to those of the DME flames were also obtained for comparison to the DME results. Mole fractions of
C, product species were similar in DME and methane flames of similar equivalence ratios. However, the
CH,0O mole fractions were-510 times larger in the DME flames. These experimental profiles are compared

to profiles generated in a computer modeling study using the best available-@iMEhemical kinetic
mechanism. The Appendix presents photographs of DME, methane, and ethane diffusion flames. These results
show that, while DME produces soot, its yellow flame luminosity is much smaller than that of an ethane
flame at the same fuel volume flow rate, consistent with the low soot emission rate observed when DME is
used as a diesel fuel.

Introduction adjusted to reduce NQwithout an accompanying increase in
There is interest in improving motor vehicle fuel economy particulate emissions.
while complying with emissions regulations. Diesel engines  Compression-ignition (diesel) engines require fuels that ignite
offer improved fuel economy compared to gasoline vehicles, easily. The ignition efficiency is defined by the cetane number
but NG, and particulate matter will be difficult to control to  of the fuel, which must be relatively high-@0—50) for a good
proposed future emissions standards. With modern spark-ignitiondiesel fuel. The high cetane rating that characterizes DNVEDJ
engines operating at stoichiometry, Nénissions are controlled s in contrast to the very low cetane rating of branched ethers
by a three-way catalytic converter, and particle emissions are sych as methytert-butyl ether (MTBE), which are difficult to
low. Because diesel engines operate fuel lean, control of NO ignite by compression and are used as octane enhancers in spark-
by a catalyst becomes difficult. Diesel particulate emissions are jgnition engine fuels. Because of the possible importance of
higher than from spark ignition engines and can be reduced viapME as an alternative diesel fuel and because of the dramatic
traps, fuel additives, or changes in engine operating strategy.difference in ignition characteristics of ether fuels, there has
Reduction of feedgas emissions of these two regulated pollutantsheen substantial interest in the oxidation chemistry of DME.
is confounded by the fact that engine operating conditions Thjs chemistry has been discussed in detail in recent publications
leading to reduced particulate matter result in higherxNO for 3 variety of experimental conditiofs° To explore the high-
emissions and vice versa. ~ temperature oxidation chemistry of DME further, we have
Several recent publications have presented results from dieselyeasured the chemical species profiles of two DME flames (one
engines or diesel vehicles operated on pure dimethyl etherfye|rich, one fuel-lean) stabilized on a flat-flame burner at
(DME).*~® These experiments showed that DME is an excellent atmospheric pressure. In addition, chemical species profiles have
diesel fuel with a high cetane rating. This fuel produces very peen obtained in rich and lean methamér flames of similar
low particulate emissions, while the N@missions are similar  fe|/air ratio for comparison to the DME experiments. These
to those from current diesel fuel under the same engine operatingeynerimental profiles are compared to simulated profiles using
conditions? This allows the engine operating conditions to be e pest available chemical kinetics mechanism. Finally, the
* To whom correspondence should be addressed. Iumin(_)sities of [.)MI.E’ CH, and GHe qiﬁUSion f_Iames have been
t Current address: Chemistry Department, Galway-Mayo Institute of €Xamined qualitatively to determine relative soot formation
Technology, Dublin Road, Galway, Ireland. tendencies based on particulate blackbody emission.
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Experimental Measurements lean and rich DME flames, respectively) was determined from

. . . the measured reactant gas flow rates and the known burner
Chemical species profiles were measured on a flat-flame bUIr'diame'[er assuming a uniform flow across the surface of the

ner supplied by McKenna Products, Inc. (Pittsburg, CA). This burner. The methane flames had fuel/air equivalence ratios

burner consists of a central, water-cooled, porous plug 6.02 CM (4 306 of 0.74 and 1.47 with cold-gas flow velocities of 8.66
in diameter, formed from bronze beads, through which the un- and 9.32 cm/s for the lean and rich flames, respectively

burngddf%el and air Mmixture passes. '_I;h|s centralﬂreg?n_ls |Sl:r Measurements of species profiles in burner flames are often
rounded by a porous ring carrying a nitrogen gas ow 0 1IS0late .5 jeq out at reduced pressure, broadening the flame front to

the flame from the surrounding air. Samples were taken frolm several milimeters and making accurate probe position mea-
the center of the burne_r through an uncooled quartz p_robe, Wh'Chsurements easier. However, for testing chemical kinetic mech-
was mounted on a micrometer stage for vertical adjustment of ;isq inder conditions more typical of practical combustors,

the probe position relative to the burner surface. The probe WaSgy dies of atmospheric-pressure flames are very important and

constructed from a 0.64-cm-diameter quartz tube drawn to 4 are the subject of this paper. These flames have thicknesses in

go?e at thde tendt; A hole, plactecli motggsend O.f th(f conte, Was e range of £2 mm, and variations in species concentrations
€ _ermmc(jaf 0 he approxn’r:ja ely f'l cm r:n 'imr? er, _ff'is of factors of 10 over a few tenths of a millimeter are typical.
estimated from the measured mass flow rate through the orifice g ) e reproducibility of our species profiles upon extin-

using(;h(re] stalndard fe(quua;rlion for choked fllow.fThe probe tigliné%r- guishing and relighting the flames, the absolute accuracy of the
sected the plane of the flame at an angle of approximately 80 o6 nositioning relative to the flame position is estimated to

~ Samples were withdrawn from the flame through the probe pe 40 15 mm. Thus, in comparisons of experimental species
into a vacuum manifold and stored in Pyrex sample flasks at ¢oncentrations to modeling calculations, deviations of-0.2
reduced pressure. The maximum pressure of the samples wagyy, in absolute position are not deemed significant. However,
restricted to 10 Torr to minimize reactions occurring within the e shapes of the species profiles are more reproducible and
hot tip of the probe after samplirig. These samples were  geyjate by<0.1 mm. In addition, the peak concentrations of
analyzed either by gas chromatography (GC) or by Fourier jyiermediate and final combustion products are reproducible to
transform infrared (FTIR) spectroscopy. Species quantified by patter than 15% upon remeasurement after extinguishing and
GC were CH, CoHa, CoHa, CoHg, CiHg, DME, CO, CQ, and relighting of the flame. They are also independent of the
O.. Those measured by FTIR were gHCH,, CoHs, DME, analytical technique (GC or FTIR). These results indicate that

CO, CQ, CH0, and HOCHO (formic acid). In addition to the  {he gata are sufficiently reproducible to be useful for model
10-Torr samples, the maximum sample pressures for selected 5jigation at atmospheric pressure.

experiments on the DME flame were allowed to rise to 30 Torr Temperature Profiles. The temperature of the burned gas

to examine the effect of sample pressure on the measured speciegss measured in each flame by a-Pt(13% Rh) thermocouple
concentrations. Increasing the final sample pressure increasesyith a 0.015-cm-diameter bead, corrected for radiation losses
the average residence time of the gas in the hot zone of theusing a technique described elsewH&@he thermocouple
probe after sampling as the mass flow rate through the chokedyires were sheathed in a ceramic tube for support. Both the
orifice remains constant. As discussed elseyvhblfethe effec'g ‘bead and the exposed wire leads (1-cm-long) beyond the support
of sample pressure on the measured species concentrations if|,pe entered the flame vertically. Because the leads descended
the sample is small, perturbation of the samples by continuing yerfically into the flame, this thermocouple could not be used
oxidation in the hot portion of the probe must also be small. {5 measure temperatures in the preheat zone below the flame
Itis possible that, during the sampling process, some of the pecause conduction of heat through the leads, which remained
low-concentration organic species might adsorb on the walls i the hot burned gas, caused the bead to be substantially hotter
of the cool regions of the pI’Obe, the transfer tubing, the vacuum than the actual gas temperature. However’ because the temper-
manifold, or on the walls of the storage flask. To investigate tyre profile in the burned gas decreases very slowly with
this possible perturbation, known concentrations 0 GEH;0, increasing height, the leads and bead will be at nearly the same
or formic acid were prepared in air diluent within a Pyrex flask. - temperature when they are both in the burned gas, and the effects
The tip of the sample probe was inserted into this flask, and a of conduction through the leads will be small. On the basis of
sample was withdrawn through the same vacuum manifold previous data, this thermocouple produces temperature measure-
described above into the sample flask used in the experiments.ments with better thaf40 K accuracy in the burned gas relative
The three species chosen cover a wide range of absorptivitytg g spectroscopic temperature determinatfon.
from methane, which is not expected to adsorb at a”, to formic To measure the temperature through the flame zone, the sam-
acid, which is a polar molecule and could potentially adsorb pling probe was used as a pneumatic temperature-measuring
Signiﬁcantly on surfaces. FTIR analyses of these test Samplesdevice by determining the rate of flow of gases into a known
showed that no loss of any of these species occurred duringyolume as a function of the probe position in the flame. In prin-
sampling to within the estimated 10% experimental error. These cjple, the absolute temperature could be determined from these
experiments verify that sampling losses for the species measuredyata using the equation for choked fldfbut this requires exact
will be Iess than the eXperimental data scatter and need not ber(now|edge of the throat area, Wh|Ch is not easy to obtain_ There_
considered further. fore, we have chosen to calibrate the pneumatic temperature
Chemical species profiles and temperature profiles were measurement using the temperature of the burned gas as
measured for four atmospheric-pressure fust flames during  determined by thermocouple at a chosen reference position. The
these experiments, two each for DME and Qtels. The DME equation for choked flow is then applied to obtain the relative
flames had fuel/air equivalence ratigs=< [F/AJ/[F/A] stid) Of temperature profile throughout the flame zone. From the choked
0.67 (fuel-lean) and 1.49 (fuel-rich). These ratios were deter- flow equations, the temperature at any given point in the flame
mined from a combination of the measured fuel and air flow relative to that at the reference positiondTin the burned gas
rates and the chemical composition of the burned gas (CO andis obtained from the equation
CO,). They are estimated to be accuratedt8%. The linear )
cold-gas flow velocity at 298 K (8.66 and 8.57 cm/s for the (Ty/Tre) = (fredf) (M My)
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Figure 1. Temperature profiles of the fuel-leap € 0.67) and fuel- Figure 2. Temperature profiles of the fuel-leap € 0.74) and fuel-

rich (¢ = 1.49) atmospheric-pressure DM#Bir flames plotted as a rich (p = 1.47) atmospheric-pressure methaa@ flames plotted as a
function of position relative to the burner surface. Top of the luminous function of position relative to the burner surface. Top of the luminous
flame zone: lean flame (2.13 mm); rich flame (1.35 mm). Individual flame zone: lean flame (1.5 mm); rich flame (2.3 mm). Individual
points = experimental data; lines temperature profile used in the  points = experimental data; lines temperature profile used in the
computer simulation. computer simulation.

in which f; andfie represent the flow through the orifice (moles  this flame (1845 K) is only 80 K below adiabatic, and in fact,
per second) at probe position 1 and at the reference position,this flame is observed to be nearing blow off. This is the reason
respectivelyM; andM,¢s are the average molecular weights of the rich methane flame lies farther from the burner and has a
the gases at position 1 and at the reference position, respectivelytemperature profile with a slower initial temperature rise than
Applying this equation to the measured flow rate through the is observed for the other flames.
orifice as a function of probe position allows a calculation of  As an additional cross check of the measured maximum flame
the temperature through the flame and to the burner surfacetemperature for the lean DME flame, the flow rate of the water
based on the value e measured in the burned gas by the through the cooling coils in the burner and the increase in the
thermocouple. water temperature during passage through the burner were
It might be argued that the probe can perturb the flame measured. At a water flow rate of 29.6 ¢min~1, the water
position during this measurement, thereby leading to an incorrecttemperature increased by 21 K, indicating that 622 calin
temperature profile. Although this is certainly possible, there was being withdrawn from the flame gases to the cooling water
is no visible perturbation of the flame front as the probe is atthe burner surface. From the estimated heat capacities of DME
lowered. In addition, as stated by FristrdfThe advantage  (0.34 cal gt K~1) and air (0.24 cal g* K1) and the measured
of using the pneumatic probe is that it allows a probe cold-gas flow rates (DME= 1.23 g mim! and air= 16.67 ¢
simultaneously to measure temperature and composition. Thismin=1), the heat extracted to the water will lower the flame
avoids difficulties in alignment of profiles.” Although we did temperature by 140 K belov,q Therefore, the actual flame
not actually measure temperature and composition irséimee temperature it < Tag — ATwater = 1873 — 140 = 1733 K.
experiment (two experiments were used, one for species andNote that this is an upper limit to the flame temperature because
one for temperature), probe perturbation of the flame will be heat will also be lost from the burner to the surrounding supports
similar when the probe is used to measure either species orand air. The above temperature is to be compared to the meas-
temperature. Thus, this technique should provide the mostured maximum temperature for the lean DME flame of 1650
consistent species and temperature profiles possible in a probe<t 40 K, measured by thermocouple. The measured temperature
based experiment. is certainly consistent with and not too far below the upper limit
Figures 1 and 2 present the temperature profiles measuredcalculated from the heat loss to the cooling water, lending
for the DME and methane flames, respectively. For all of the additional support to the peak thermocouple temperatures.
flames, the temperature rises sharply in the preflame zone and Species ProfilesPrior to a discussion of the experimental
reaches a peak slightly above (623 mm) the top of the species profiles, it is important to examine the effect of sampling
luminous flame zone after the CO conversion to ,Ci® pressure within the probe on the measured species concentra-
complete. For all four flames, the temperature profile extrapo- tions. As mentioned earlier in the Experimental Measurements
lates to near ambient at the burner surface, providing evidencesection, this provides an estimate of the effect of continuing
that the pneumatic probe technique used to measure theoxidation of organics in the hot section of the probe during the
temperature profile yields results of reasonable accuracy. sampling process, which can perturb the measured concentra-
Assuming a cold gas temperature of 300 K, the calculated tions!! Therefore, the effect of sample pressure on species
adiabatic flame temperatureg,f) for DME are 1873 K (lean) concentrations was examined for both DME flames. In the lean
and 2057 K (rich). For the methane flam&gyis 1900 K (lean) flame, the pressure dependence was examined in the preflame
and 1924 K (rich). The peak flame temperatures measured inzone at heights of 1.08 and 1.66 mm above the burner. At both
these experiments are 20800 K below T4 for all flames probe locations, the species concentrations (CO,, @10,
except the rich metharair flame. The peak temperature of CH,, CoHg, CoH4, CsHg, and DME) were unaffected by maxi-
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mum sample pressure over the range-30 Torr to within the 108 —
estimated 1620% experimental uncertainty. This verifies that Filled Symbol = GC
reactions within the sample probe do not affect the measured Open Symbol = FTIR
species concentrations in the lean flame for a maximum sam-

T T

_ 4 _|
pling pressure of 10 Torr. In the rich flame, variation of the g_ " ]
sample composition with total sample pressure was measured %
at 0.75 and 1.35 mm above the burner surface. At the top of S
the luminous zone (1.35 mm), no change in sample composition S 3 3
(+15%) was observed as the sample pressure was varied. In i ]
the preflame zone at 0.75 mm, there were small but possibly %
significant decreases in thelds (24%) and CHO (28%) con- = 102 3

centrations as the pressure was reduced from 30 to 10 Torr.

This indicates that, as the residence time in the probe increases,

these two species may be formed to a small extent by reactions 10!
within the probe at this height. However, extrapolation of these
curves to zero pressure to estimate the unperturbed species mole
fractiong! indicates that any correction to the data taken at 10
Torr will be less than 10%, which is on the order of the data
uncertainty. Thus, all available evidence suggests that reactions
inside the probe do not affect any of the measured species con-
centrations to a significant extent10%), provided that the
sample pressure is limited to 10 Torr, as has been observed
previously!!

Each of the atmospheric-pressure flat flames has a thin (e.qg.,
0.5-1.5 mm) luminous zone that is deep blue for lean flames
and blue-green for rich flames. The thickness of the luminous
zone can be estimated with good reproducibilityO(1 mm
based on repeat measurements) using the sampling probe as a T /co O
measuring device with the room lights dimmed to provide good ;0/ LUMINOUS ZONE

visibility. The probe is slowly lowered from the burned gas P W s
region until the tip is observed to touch the top of the luminous 0 1 2 3
zone when viewed edge-on through a magnifying lens. The rigure 3. Species profiles for the fuel-leap € 0.67) DME-air flame
probe is then lowered until the tip reaches the bottom of the plotted as a function of sample probe position. Mole fractions were
luminous zone. The difference in the two probe heights provides obtained by either GC (filled symbols) or FTIR (open symbols)
an estimate of the luminous zone thickness. Although it is a”a|yﬁef-hTZeb|003t1i%” of th% 'lumfinous flame zone is_i”gicii‘;i aSS a
; - i« will crosshatched box. The symbols for organic species in Fi
possible for the.probe to slightly perturb the _flame, this will represent: DME, diamondy; GB, circle; Cth Squgre; GHa, triagngle;
not _afrect the thl_ckn_ess measurement appreciably pecause_th%zHel inverted triangle; @y, hexagon; and s, square with+.
luminous zone is viewed from its edge. Thus, this zone is Formic acid< 100 ppm. At 2.4 mm, Cki= 2 ppm; GHs = CHg =
observed across the entire width of the burner, while any flame 0.3 ppm. Downward arrow (C#D) = upper limit. Maximum GH, ~
perturbation occurs only in a small region around the probe tip. 10 ppm at 1.2 mm.
These measurements are presented as the “luminous zone” in Figures 3 and 4 present the measured species profiles in the
Figures 3-6. For all flames except that of lean DME, the |ean and rich DME-air flames, respectively. Also shown in
luminous zones are relatively narrow (6:@.6 mm). In contrast,  the figures is the position and thickness of the [blue (lean) and
the lean DME flame has a significantly broader luminous zone pjye-green (rich)] luminous zone for each of these flames
(1.5 mm) that extends to within 0.6 mm of the burner surface. relative to the burner surface, measured as described above.
The luminous zone of this flame is broader than that of the Figures 5 and 6 present comparable species profiles for the lean
three other flames in this study and broader than observedand rich methaneair flames, respectively. The data points for
previously for a lean propaneair flame* The luminous zones  the lean DME flame were obtained from three GC and two FTIR
of the lean and rich DME flames were also photographed edge- profile measurements in which the flame was extinguished and
on using a digital camera with an aperturefof 3.4 and a  relighted for each data set to determine reproducibility. For the
shutter speed of 1/60 s to verify the probe-based measurementrich DME flame (Figure 4), four GC and three FTIR data sets
A typical photograph for each flame is shown in the Appendix. were obtained. The data scatter indicate that the measured
The scale for these photographs can be estimated by observingpecies mole fractions are reproduciblettb0% for both DME
the diameter of the flame disk for the brighter rich flame, which flames, and the probe position is consistent®.07 mm.
is approximately equal to the diameter of the burner (6.0 cm).  The lean methane-flame data in Figure 5 were obtained from
The vertical axis of each digital photograph has been expandedone GC and two FTIR experiments, each of which represent a
by a factor of 4 for improved clarity. It is evident that the lean resetting of gas flows and reignition of the flame. These data
flame is much thicker than the rich flame. The thickness of the are also reproducible t&-10% in mole fraction and 0.07 mm
lean flame is 1.5 mm based on the photograph, identical to thatin probe position. For the rich methanair flame, the FTIR
estimated by the probe measurement described above (Figurelata were obtained from three separate measurements and are
3). The rich flame has a very bright zone 0.4 mm thick and a reproducible. However, the raw species profiles for the single
much dimmer region extending another 0.25 mm. The thickness GC measurement were shifted approximately 0.25 mm closer
of the bright region of this flame is identical to that measured to the burner surface, although the species profile shapes were
by the probe technique (Figure 4). indistinguishable from the FTIR data. Because this flame is near
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Figure 4. Species profiles for the fuel-riclp(= 1.49) DME-air flame
plotted as a function of sample probe position. Mole fractions were
obtained by either GC (filled symbols) or FTIR (open symbols)
analyses. Location of the luminous flame zone is indicated as a
crosshatched box. Downward arrow at 1.5 mm §OH= upper limit.
For symbol identification, see Figure 3.

Figure 5. Species profiles for the fuel-leag & 0.74) methaneair
flame plotted as a function of sample probe position. Mole fractions
were obtained by either GC (filled symbols) or FTIR (open symbols)
analyses. Location of the luminous flame zone is indicated as a
crosshatched box. For symbol identification, see Figure 3.

o o ~_animpurity in the DME. Thus, we estimate that the amount of
blow off, slight inaccuracies in the gas flows may cause signif- c,H, formed is <25 ppm in both flames. No othersGpecies
icant changes in the location of the flame upon resetting of the \ya5 observed at concentrations ppm.
gas flows. For this flame only, the measured probe positions |, comparisons of the rich and lean DME flame profiles to
for the GC data have been adjusted#.25 mm such thatthe  the corresponding profiles for the methane flames, it is apparent
CH,4 profile overlaps that of the FTIR data. For the other three that the peak concentrations of the €pecies are similar for
flames, no adjustment was made to any of the experimental hoth fuels. However, the Ci mole fraction is much higher
probe positions. In the rich methane flame, we estimate the i, the DME flames. This is particularly apparent in the rich
reproducibility to be£0.2 mm in the absolute location of the  flame for which the CHO mole fraction is~10 times larger
probe relative to the flame zone upon resetting the gas flows. than that in the rich metharair flame. The minimum detec-

In both DME flames, the major organic species is Ot table CHO mole fraction in the FTIR measurements~&50

but appreciable mole fractions of the hydrocarbons,@3Hs,  ppm, and the measured @Bl mole fractions have spectral un-
and GH are also present..8 is an important species only in  certainties of~10%. These observations indicate that the DME
the rich flame, as observed in studies of propaaie flames* flames have a much larger source channel fop@fbrmation

and in other flame studies. GHs the highest-concentration  than do the methane flames. However, the concentration of
hydrocarbon species produced in both DME flames, equaling methyl radicals must be comparable in flames from both fuels as
the concentration of C#D in the rich DME-air flame. The the G species have similar peak mole fractions and are likely to
observation of appreciable quantities aféhd G hydrocarbon e formed from bimolecular reactions of methyl radicals. These
species demonstrates the presence of a substantial concentratioRsults suggest that dissociation of methoxymethy! radicals

of methyl radicals in these DME flames. Because formic acid

has been observed in other DME oxidation experiments, the CH,0OCH, = CH; + CH,O

FTIR spectra were searched for the sharp and relatively strong

absorption line characteristic of formic acid. No formic acid which are formed by the initial free radical attack on DME in
was observed to within the estimated detectability in our system the flame, is a very important channel in the high-temperature
(approximately 100 ppm) in either DME flame.;ldg was flame chemistry of DME, because this channel is a major source
observed and quantified in the flame zones of both DME flames. of methyl radicals in the chemical mechanism. It also provides
CsHe could not be measured because a very small quantity of a major source of CkD via a channel that is not present in the
CsHg (20 ppm) was present in the unburned gas flow stream as methane oxidation mechanism. Therefore, this reaction channel
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L B B changes of 50% in cold-gas flow velocit}). In addition, the
location of the tops of the luminous zones are essentially identi-
cal [1.6 (ref 15) vs 1.5 mm above the burner]. The fact that the
current probe orifice diameter is 30n vs 120um in ref 15 is

the reason that the mole fractions in Figure 5 decrease more
rapidly as the probe approaches the burner than in the earlier
experiments. A large diameter orifice perturbs the species con-
centrations more than a small diameter orifice near the burner
surfacet®
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40 Computational Model

The detailed chemical kinetic reaction mechanism used in
A\ these calculations is based on a previously published reaction
tor L e A mechanisrfand on an updated mechanii?.The full mech-
0 1 2 3 4 anism used in this work is documented in ref 10. All reaction
Height Above Burner (mm) numbers given in this paper refer to the numbering sequence
there. The transport parameters for the species were obtained
T from the CHEMKIN databas& Marinov et al.l” and Reid,
co Prausnitz and Poling When data were not available, the
808G transport parameters of the radicals were estimated from those
of the parent species. The experimental temperature profiles
versus distance above the burner (Figures 1 and 2) were used
as input in the simulation of these flames. Modeling simulations
were carried out using CHEMKIN P with the PREMIX
i packagé® and with the HCT modeling codd.The chemical
] kinetic mechanism, developed using the HCT code, was
converted in order to make it compatible with the CHEMKIN
format. In doing so, both forward and reverse rate constant
expressions were included in the CHEMKIN chemistry linking
file to avoid any potential differences that thermodynamic
properties might have on equilibrium constants and overall rates
of reaction. The PREMIX code was employed for the final fits

flame plotted as a function of sample probe position. Mole fractions to the data because it is used extensively by the combustion

were obtained by either GC (filled symbols) or FTIR (open symbols) community N mode_llng burner-stabilized flames. Overall, the
analyses. Location of the luminous flame zone is indicated as a fesults obtained using the HCT and CHEMKIN Il codes are

crosshatched box. Downward arrows ({CH C;H) = upper limit. For very similar but not identical (Figure 7a and b). We were unable
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Figure 6. Species profiles for the fuel-ricky(= 1.47) methaneair

0.1

symbol identification, see Figure 3. to identify the reasons for the differences in the HCT and
PREMIX predictions. These differences could result from
can provide a rationale for the observation that thén@rmedi- differences in the gridding of the domain of the one-dimensional

ate oxidation product mole fractions are similar for the two fuels flame. In HCT, each grid line is specified manually, whereas
but that DME flames produce much higher mole fractions of in PREMIX, grid lines are added to regions of high gradient or
CH0. In the CH flames, GHg was observed but not quantified.  curvature. However, we did double the number of grid lines in
Peak mole fractions did not exceed 20 ppm at either equivalenceHCT without significant improvement in the comparison
ratio. between HCT and PREMIX.

The O, mole fraction measured near the burner surface in  Comparisons of the experimentally measured (symbols) and
the lean methaneair flame exceeds that in pure air diluted by PREMIX-predicted (lines) species profiles versus distance above
the initial CH, by 20%. This indicates that, for this flame only, the burner for the DME flames are provided in Figures 8 and
the O, determination was incorrectly calibrated, and the true 9 and for the methane flames in Figures 10 and 11. Overall,
O, mole fraction should be 20% lower throughout the flame. there is good agreement between model and experiment, with
Because @data are not critical to the comparison with the the relative concentration of intermediate species correctly
simulated profiles, the data were not retaken. However, in the reproduced by the model, and in most cases, the absolute values
simulation portion, the experimentab® this flame has been  are in good agreement. Some modeling deficiencies are ad-
reduced by 20%. dressed in the discussion below.

Another measure of the reproducibility of the species meas- The physical and chemical processes controlling the fate of
urements can be obtained by comparing the data for the leanreactants, products, and important intermediate species through-
methane flame in Figure 5 to those obtained from a similar, out the flame were analyzed using both the PREMIX and HCT
but not identical, flame condition in earlier experimeHtsn computer codes. The PREMIX postprocessor code provides
these earlier experiments, the equivalence ratio was identicaldetails about which chemical reactions are important in produc-
to that in Figure 5, but the cold-gas flow velocity was slightly ing and consuming species of interest. Information on the effect
lower (7.6 vs 8.66 cm/s). The peak concentrations of C£lsC of diffusion and convection on species concentrations throughout
and GHy, in the earlier experiments (1.2%, 330 ppm, and 240 the flame was provided by the HCT code because it was not
ppm, respectively) are identical to those in Figure 5 (1.4%, 350 available from the PREMIX postprocessor. In reviewing these
ppm, and 280 ppm) to within th£10% data scatter. (Previous edits, we are able to gain a detailed description of the factors
experiments with fuel-rich propanair flames have shown that influencing fuel oxidation and intermediate formation and
the peak species concentrations are not influenced strongly byconsumption across the flame. It is particularly interesting to
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Eigure 7. (a) Comparison of CHEMKIN (solid_lines) and HCT (dotted Figure 8. (a) Species mole fractions for the fuel-leap € 0.67)
Imes)_ for the fuel-lean¢ = O._7_4) methaneair flame plotted as a DME—air flame plotted as a function of sample probe posit®nOs;
function of sample probe positio®, CHs; O, CO,; and %, CO. (b) 0, COy; %, CH;0CH; (x3); and<, CO. (b) Symbols for experimental
Comparison of CHEMKIN (solid lines) and HCT (dotted lines) for  gata and computed peak concentrations for intermediate species (to
the fuel-rlc_h'(zb = 1.49) DME-air flame plotted as a function of sample ;4 curve identification) ar®, CH,O (3370 ppm)O, CHa (1435 ppm):;
probe position®, CH;OCH;; O, CO;; and %, CO. *, CoHg (950 ppm); and®, CoH4 (590 ppm). Solid lines correspond

to calculated mole fractions for filled and dotted lines to open symbols.

examine the physical and chemical factors controlling the
species in this flame, as a DME flame has not been analyzedthrough the burner surface. The concentration of DME is mainly
numerically before. controlled by diffusional transport of DME and by the con-
Lean Dimethyl Ether Flame. Figure 8 depicts species sumption of DME by chemical reaction. The ratio of net loss
concentration profiles versus height above the burner surfaceof DME by diffusional transport to net loss by chemical reaction
for the lean ¢ = 0.67) dimethyl ether flame. The main species is 5.5:1. The main reactions controlling fuel chemistry are
measured experimentally were the fuel and molecular oxygen H-atom abstractions from the fuel by OH radicals, by H atoms,
together with the main oxidation products CO, £OH,O, CH,, and by CH radicals in the ratio 5:3:1. The methoxy radical,
C2He, and GH,. The simulated fuel profile is in good agreement  formed primarily by the reaction of methyl and hydroperoxyl
with the experiment up to about 1.1 mm above the burner radicals, decomposes in this zone to produce formaldehyde and
surface. However, at positions higher than this the simulation hydrogen atoms, which also diffuse into this zone, having been
predicts a much faster rate of fuel consumption than that generated downstream. Hydroxyl radicals are also formed
measured in the experiments, which show a more gradual rateprimarily by the reaction of methyl radicals with hydroperoxyl
of fuel oxidation (Figure 8a). The simulatec @rofile shows radicals, as depicted below. Methyl radicals are mainly formed
the same behavior but to a lesser degree. Because of the rapidrom the decomposition of the methoxymethyl radical, which
fuel consumption, the peak heights for all of the intermediate also generates formaldehyde (§MCH, = CH,O + CHs).
species except CiD are overpredicted relative to the experi- At 1.3 mm above the burner surface (1185 K), the concentra-
mental measurements, the greatest disagreement being in théon of the fuel is approximately 28% of that entering the flame.
overprediction of methane concentrations and the related ethaneApproximately 80% of fuel consumption occurs via hydrogen
and ethylene profiles by about a factor of 3. In addition, the abstraction from the fuel, with diffusion and convection each
experimental species profiles are broader than those predictedesponsible for carrying about 10% of the fuel downstream. Of
by the model. This disagreement between model and experimenthe chemistry, hydrogen-atom abstractions by hydroxyl radicals
must be due to some deficiency in the kinetic mechanism, and hydrogen atoms are the most important with abstraction
perhaps in the exclusion of a chemically activated pathway of by OH being about 40% greater than that by H. Hydroxyl
the methoxymethylperoxy radical producing two molecules of radicals are generated via the following reactions:
formaldehyde and a hydroxyl radic&l.

CH; + HO, = CH,O + OH (22)
CH,OCH, + O, = CH,0CH,0,* = CH,O0 + CH,O + OH
OCHR 0, OCHO; z z HO, + H = OH + OH (47)
Analy_sis of the HCT edits i_ndicates that diff_usion and H+0,= 0+ OH 8)
convection downstream are main factors controlling fuel and
oxygen profiles up to a distance of 0.8 mm, where the CHZ;OCH, + O = CH,;OCH, + OH (267)

temperature is 850 K. In this zone (at this position), the
concentration of DME is approximately 75% of that flowing in  (The reaction numbers refer to ref 10, where the mechanism is
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documented.) Hydrogen atoms mainly diffuse into this zone radicals are also formed by the reaction of hydrogen atoms with
from a position downstream and are consumed by reactions withmolecular oxygen (R8) and by hydrogen-atom abstraction from

the fuel, formaldehyde, and molecular oxygen. the fuel by oxygen atoms.
Ethane undergoes hydrogen-atom abstraction by hydroxyl
CH;OCH; + H = CH;OCH, + H, (275) radicals and hydrogen atoms to generate ethyl radicals, which
decompose to produce ethylene and a hydrogen atom.
CH,O+ H=HCO+ H, (33)
C,Hg + OH = C,H; + H,0O (20)
H+O,=0+OH (8)
CHg+H=CH;+H, a7

At this location, the concentration of molecular oxygen is 64%

of that entering the flame. Approximately 62% of oxygen CH;=CH,+H (—15)

consumption occurs via diffusion and 7% via convection

downstream, away from the burner surface, whereas 31% isThe HCT edits indicate that substantial fractions of formalde-

consumed by chemical reaction, mainly with formyl radicals hyde, methane, and ethane diffuse downstream of this position

and hydrogen atoms. away from the burner surface. Ethylene undergoes hydrogen-
At 1.3 mm above the burner surface, the concentrations of atom abstraction mainly by OH and H to form vinyl radical.

formaldehyde, methane, and ethane each reach their peakThe vinyl radical then reacts with molecular oxygen to produce

Formaldehyde is mainly produced by tlfescission of the acetylene and hydroperoxy radical.

methoxymethyl radical (66%) and the methoxy radical (33%).

Methane is generated through abstraction of hydrogen atoms C,H, + OH = C;H; + H,0 (62)

by methyl radicals from stable species (mainly DME), whereas _

ethane is formed from the recombination of methyl radicals CH,+H=CH;+H, (61)

(R24, where “R24" indicates reaction 24). Ethylene is generated _

from the decomposition of ethyl radicals. C,Hy + O, = CH,0 + HCO (112)
CH,;OCH, = CH,O + CH, (282) CH;+ 0O,=CH,+ HO, (63, 85)

CH,O0=CH,O0+H (40) Carbon monoxide is generated by the reaction of formyl radicals
with molecular oxygen (R46) and by the decomposition of

CH,+ HO,=CH,+ O, (45) formyl radicals (R12) in a ratio of about 2:1. In the rich DME

flame discussed later, these reactions occur in the ratio 1:1,
CH,OCH, + CH, = CH,OCH, + CH, (279) because of the lower co_ncgntratio_n of molecular oxygen. Carbon
monoxide and carbon dioxide mainly diffuse back into this zone

CH,O + CH; = HCO+ CH, (38) from a point downstream, with convection carrying them
downstream in a ratio of diffusion to convection of 2.5:1 and
CH, + CH; = C,H, (24) 4.4:1, respectively.
At 1.5 mm above the burner surface, at a temperature of 1320
C,Hg=CH, +H (—15) K, the simulated concentration of DME is only 4% of that

entering the flame. The underlying trends in this zone are similar
A substantial fraction of formaldehyde, methane, ethane, andto those observed at 1.4 mm. The fuel diffuses into this zone
ethylene diffuse upstream of this position, accounting for the from a point upstream and is mainly consumed via hydrogen-
significant concentrations of these species close to the burneratom abstraction by a hydroxyl radical and by oxygen and
surface. hydrogen atoms in a ratio of about 3:2:1. The concentration of
At 1.4 mm above the burner surface, at a temperature of 1260formaldehyde is about 50% lower than its peak concentration
K, the concentration of DME is only 16% of that entering the because of its lower rate of production from the methoxymethyl
flame. The fuel diffuses into this zone from a point upstream radical and its higher rate of hydrogen-atom abstraction by
and is mainly consumed via hydrogen-atom abstraction by a hydroxyl radicals and hydrogen atoms, generating formyl
hydroxyl radical and by hydrogen and oxygen atoms in a ratio radicals. The concentration of methane is only 25% lower than
of about 2.5:1.5:1. The resultant methoxymethy! radical de- its peak value, as itis mainly generated by the reaction of methyl
composes to form formaldehyde and a methyl radical. Form- radicals with formyl radicals, H atoms, and hydroperoxy
aldehyde undergoes hydrogen-atom abstraction by H atoms andadicals.
OH radicals at about the same rate, with the resultant formyl

radical reacting with molecular oxygen and reacting by decom- CH, + HCO=CH, +CO (39)
position. CH,+H=CH, (1)
HCO+ 0,=CO+ HQ, (46)
CH; +HO,=CH,+ O, (45)
HCO=H + CO (12)

The concentration of ethane is 50% below its peak value

HO,+H=0H+ OH (47) because of its oxidation to ethyl radicals via hydrogen-atom

abstraction by OH, H, and O radicals. Ethylene is produced

Methyl radicals recombine to form ethane or react with from the decomposition of ethyl radicals, and its concentration

hydroperoxy radicals to generate methoxy and hydroxyl radicals. is about 90% of its peak value. It is consumed by reaction with
Hydroperoxy radicals also react with hydrogen atoms to generatehydroxyl radicals to form vinyl radical and water. The vinyl

two hydroxyl radicals, as depicted above (R47). Hydroxyl radical reacts with molecular oxygen to form formaldehyde or
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1.66-1 ' ' i ' ] radicals in the ratio 6.6:2.7:1. This ratio is 3:5:1 in the fuel-
£ 1de1l @) ] lean DME flame, thu_s indicating the more dc_)r_ninant role pla_yed
€ 1201l . ] by hydrogen atoms in the rich flame. In addition, a comparison
& . . . . . .

& 1 oerl 0600 ] of the _chgmlstry controlling f(_)rmaldehyde OX|dat_|on in the rich
< so0g X . _»g) ............... o flame |_nd|cate_s that abstraction by h_ydroxyl radicals has about
= 0L s o ] one-third the importance observed in the lean flame. Overall,
g 002 p o g8 ] there are lower concentrations of hydroxyl radicals in the rich
g 02 NG ] flame relative to those in the lean flame. Hydroxyl radicals are
@ 2.0e-2 o * ] generated from hydroperoxy radicals either by their reaction
0 L o5 » E T 2o o5 with a methyl radical (which generates one hydroxy] radical)
or a hydrogen atom (which generat® hydroxyl radicals),
1 . . \ whereas hydroperoxy radicals are produced by the reaction of
g 80031 ' o‘oo ®) . formyl radicals with molecular oxygen.
% ooes) ko ] HO, + CH, = CH,0 + OH (22)
2 b L0
S 40e3 ) B 1 HO, +H = OH + OH (47)
£ o 50
ng.o@..s_'_.-g  .§ i} HCO+ O, = CO+ HO, (46)
0 b= = X NS The lower relative concentration of molecular oxygen in the
0-0 08 L0 15 20 28 rich flame results in a lower overall rate of production of
Height Above Burner (mm) hydroperoxy radicals, and consequently, the concentration of
Figure 9. (a) Species mole fractions for the fuel-righ= 1.49) DME- hydroxyl radicals is lower in the rich flame relative to the lean
air flame plotted as a function of sample probe positi®n.O,; O, flame. In addition, the lower concentration of molecular oxygen

COy *, CH;OCH; ; and ©, CO. (b) Symbols for the experimental 3|50 results in a lower relative rate of its reaction with hydrogen

data and computed peak concentrations for intermediate species (to, : ; : : :
aid curve identification) ar®, CHO (5900 ppm)O, CHs (8080 ppm): atoms in the chain branching reaction, which also produces

*, C;Hg (1820 ppm);<, CH4 (2520 ppm); andx, C;H, (1180 ppm). hydroxyl radicals.

Solid lines correspond to calculated mole fractions for filled and dotted
lines to open symbols. H+0,=0+ OH (8)

acetylene. Acetylene reaches its peak value (50 ppm) in this With respect to intermediate species profiles in both the rich
zone. It is consumed by reaction with atomic oxygen and is and lean DME flames (Figures 8b and 9b), high concentrations

also lost via diffusion downstream. of formaldehyde are measured and predicted in both flames.
However, much higher concentrations of methane, ethane, and

CH,+ O0=HCCO+H (87) ethylene are observed in the rich flame relative to the lean flame.

In the lean flame, the predicted peak concentrations are 1440,

C,H,+0=CH,+CO (69) 949, and 576 ppm, respectively, whereas in the rich flame they

are 2-10 times higher, being 8140, 1860, and 2550 ppm,
Carbon monoxide also reaches its peak at 1.5 mm. It is mainly respectively. The higher concentrations of these hydrocarbons
produced by the reaction of formyl radicals with molecular result from the lower concentration of hydroperoxy radicals
oxygen and by formyl-radical scission in a ratio of 1:1. Carbon present in the rich flame relative to the lean flame. This reduces
monoxide is controlled by diffusion toward the burner surface the rate of consumption of methyl radicals by hydroperoxy
and by reaction with hydroxyl radicals to generate carbon radicals in the rich flame, increasing the €hhole fraction.
dioxide and hydrogen atom. Consequently, in the rich flame, both the rate of methyl-radical
Finally, at a distance of 1.7 mm above the burner surface, atrecombination to generate ethane, which subsequently forms
a temperature of 1445 K, most of the computed fuel and ethylene and acetylene, and the rate of methyl radicals abstract-
intermediate species have been converted to carbon dioxide. ing a hydrogen atom from the fuel to generate a methoxymethyl
Rich Dimethyl Ether Flame. Modeling simulations of the radical and methane, are enhanced relative to the lean flame.
rich (¢ = 1.49) DME flame show that both the widths and peak The ratio of carbon monoxide to carbon dioxide is greater in
heights of the reactant, intermediate, and product species profileghe rich flame relative to the lean flame because of the effect
compare well with the experimental results (Figure 9). However, of equivalence ratio on the thermodynamic equilibrium.
there is an apparent shift of about 0.2 mm toward the burner Methane Flames.Figures 10 and 11 depict species concen-
surface in the species concentration profiles, which may be duetration profiles versus height above the burner surface for the
to the uncertainty in position of the measured temperature profile lean ¢ = 0.74) and rich¢ = 1.47) methane flames. The main
used in the simulation. species measured experimentally were methane and molecular
The peak concentrations of methane and formaldehyde occuroxygen, together with the main oxidation products CO,,CO
at a distance of between 0.9 and 1.0 mm above the burnerCH,O, GHe, CoHa, and GHo. In the lean methane flame, the
surface indicating that this is the position at which chemistry is measured concentration of formaldehyde is approximately 4
controlling the oxidation of the fuel and intermediate products. times lower than that measured in the lean DME flame. In the
As for the lean DME flame, analysis of HCT edits indicates rich methane flame, CHD is approximately an order of
that diffusion and convection downstream are the main factors magnitude lower than that measured in the rich DME flame.
controlling fuel and oxygen consumption up to 0.9 mm, where  For all species except.#, in the rich flame, the model-
the temperature is 1180 K. Here, the fuel undergoes hydrogen-predicted concentration profiles for the methane flames are in
atom abstraction by hydrogen atoms and by hydroxyl and methyl good agreement with the experimental measurements. In the



Study of Premixed Dimethyl EthefAir Flames J. Phys. Chem. A, Vol. 104, No. 35, 2008203

2.0e-1 T T T T 1.8e-1 2 T T T T T T T
: ! ]
E1.50-1 & 1de1} o () N
& 13
& & L * |
@ & * "
gl.Oe-l % 1.0-1 N
- Sk 0.2 © 4
P E RN Bhe |
'g5_oe_2 @ 6.0e-2 - \ -8 b
|3 3 L -\ 8 Q... Q@ g
%) 2N & A
0.06-2 IRoEIRL Qg 2.0e-2 | .~""&-o" .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 B @Y M
Height Above Burner (mm) 0.0 05 10 15 20 25 30 35 4.0 4.5
Height Above Burner {mm)
8.0e-4 T L—) T T
E 7.0e-4 o B! 2.8¢-3 |- T e ~' _ _.' ]
+ 6.0e-4 - b b =
gooe . (b) § 24e3| (b) N
& 5.0e-4 : b5 .
2 8 2.0e-3 - 4
S 4.0e-4 . &
Fd 3.0e-4 _ ,E.o-’ 1.6e-3 - .
2 2.0e-4 . = 1208 .
) g g
01 1.0e-4 3 1 'g 8.0e-4 | . O i
0 e PO TR ¢ A%, ) ! I o >
0.0 0.5 1.0 1.5 2.0 2.5 3.0 " 4.0e-4 - \ T
Height Above Burner (mm) 0 ol

. . . 00 05 10 1.5 2.0 2. 3. . w. .
Figure 10. (a) Species mole fractions for the fuel-leap € 0.74) 5 30 35 40 45

methane-air flame plotted as a function of sample probe posit@n.
0O; O, CO; *, CHy; and <, CO. Experimental @profile has been Figure 11. (a) Species mole fractions for the fuel-rich & 1.47)
adjusted by 0.8 in order to account for miscalibration (see Experimental methane-air flame plotted as a function of sample probe posit®n.
Measurements section). (b) Symbols for the experimental data andQ,; O, CO,; *, CHy; and<, CO. (b) Symbols for the experimental
computed peak concentrations for intermediate species (to aid curvedata and computed peak concentrations for intermediate species (to
identification) are®, CH,O (530 ppm);O, CoHe (550 ppm);*, CoH, aid curve identification) ar®, CH,O (530 ppm)Q, C;Hs (1530 ppm);
(430 ppm); and>, C;H: (30 ppm). Solid lines correspond to calculated %, C,H, (2960 ppm); and>, C,H, (2760 ppm). Solid lines correspond
mole fractions for filled and dotted lines to open symbols. to calculated mole fractions for filled and dotted lines to open symbols.
The dashed line in panel b is the computegHEprofile in the post-
post-flame gas of the rich flame, the experimental measurementslame gas using the MillerMelius acetylene mechanism (see text).
show that the concentration of acetylene decreases by a factor ) _
of approximately 3 between 2.5 and 3.5 mm above the burnerréact with atomic oxygen to generate formaldehyde and
surface. The model, which originally contained the acetylene hydrogen atom in the ratio 8:2:1.

submechanism derived from Miller and Melitigpredicted that

Height Above Burner (mm)

very little acetylene consumption occurs in the post-flame gas CH; + CH; = C,Hq (24)
up to a height of 4.5 mm (see dashed line in Figure 11b). To
obtain the simulated profile (dotted line) shown in Figure 11b, CH; + HO, = CH;O + OH (22)
which still underpredicts the acetylene consumption, we have
adopted the rate expression of 3.2410% exp(—12 000 cal/ CH;+O0=CH,O+H (36)

RT) cm® mol~! s™1 recommended by Kais&rfor the reaction

C,Hz + OH = CH,CO + H. Previously, Kaiser found it At 1.3 mm above the burner surface, where the temperature is
necessary to use this rate expression, which is approximately1290 K, the increase in the rate of the chain branching 8,

10 times faster than that recommended by Miller and Melius at = O + OH reaction results in higher concentrations of oxygen
1800 K, to accurately predict the acetylene profile measured in atoms, and thus, the ratio of the three reactions above becomes
a propane-air flame. It is clear that further validation of the ~5:1:4. The methoxy radical decomposes to form a hydrogen
current acetylene submechanism is needed. atom and formaldehyde.

In the lean methane flame, the model indicates that the fuel The chemistry associated with formaldehyde, ethane, ethylene
and molecular oxygen diffuse and convect downstream, away and acetylene is very similar to that observed in the lean DME
from the burner surface, as in the DME flames and the rich flame. At 1.4 mm, formaldehyde undergoes hydrogen-atom
methane discussed later. Most of the chemistry occurs at 1.1 abstraction by OH radicals and by H and O atoms to generate
1.3 mm above the burner surface. In this region, the main formyl radicals, which scission to form carbon monoxide and
reactions consuming methane are hydrogen-atom abstraction byydrogen atoms (R12) and react with molecular oxygen to

OH radicals and by H and O atoms, in a ratio of about 4:2:1. produce carbon monoxide and a hydroperoxyl radical (R46) in
the ratio of about 1:1. Ethane undergoes hydrogen-atom

CH,+ OH=CH; + H,0O 3) abstraction by hydroxyl radicals and by oxygen and hydrogen
atoms to generate ethyl radicals, which decompose to form
CH,+H=CH;+H, (2) ethylene and a hydrogen atom and react with molecular oxygen
to generate ethylene and a hydroperoxyl radical in the ratio 1:1.

CH,+O=CH;+ OH (4) Ethylene reacts with atomic oxygen to form methyl and formyl

radicals and also reacts with hydroxyl radicals to generate a
At 1.1 mm above the burner, where the temperature is 1110 K, vinyl radical and water. The vinyl radical then reacts with
methyl radicals recombine to form ethane, react with hydro- molecular oxygen to generate acetylene and hydroperoxyl
peroxy radicals to generate methoxy and hydroxyl radicals, and radical.



8204 J. Phys. Chem. A, Vol. 104, No. 35, 2000

3.0e-4 T T T T T

2.5e-4 - q
2.0e-4 - b
1.5e-4 -

1.0e-4 | T .

HOCHO Mole Fraction

5.0e-5 |- .

L TR

2.0 2.5

0 s I I
0.0 0.5 1.0

PN R
1.5 3.0

Height Above Burner (mm)
Figure 12. Comparison of model-predicted formic acid concentrations
for each flame plotted as a function of sample probe position: lean

CH3;0CH; (bold solid line); rich CHOCH; (close-spaced dotted line);
lean CH, (solid line); rich CH, (far-spaced dotted line).

In the rich methane flame, most of the chemistry occurs at

2.1-2.4 mm above the burner surface, where the temperature

is in the range 10791470 K. In this region, the main reactions

consuming methane are hydrogen-atom abstraction by H atom

and OH radical, in a ratio of about 2:1. As in the DME flames,
the importance of hydroxyl radicals is lower in the rich flame
relative to the lean flame because of the lower relative
concentration of molecular oxygen.

In all four flames, the main chemistry occurs in the temper-
ature range 11001200 K. This phenomenon is due to the chain
branching reaction

H+O,=0+OH (8)
which generates two reactive radicals from one reactive
hydrogen atom and a stable molecule.

One final point of interest is that the model predicts formic

Kaiser et al.
Conclusions

Experimental profiles for reactant, stable intermediate, and
final product species have been measured in premixed, atmo-
spheric-pressure, fuehir flat flames as a function of sample
probe height above a flat-flame burner. The two fuels studied
were dimethyl ether (the primary focus of this study) and
methane (as a reference flame). Species profiles for each fuel
were measured at a fuel-leagh & 0.7) and a fuel-rich¢ ~
1.5) equivalence ratio at similar cold-gas flow velocities.
Temperature profiles throughout the flame were determined for
each flame condition using the sample probe as a pneumatic
temperature-measuring device that was calibrated in the burned
gas by a thin-wire thermocouple. The experimental results
showed that the peak mole fractions of the intermediate organic
species (with the exception of GH) in the DME flame were
similar to those in the methane flame at both equivalence ratios.
The CHO mole fractions in the DME flames were d € 0.67)
and 10 ¢ = 1.49) times larger than their methane-flame counter-
parts. These results suggest that decomposition of th©CH,
radical (e.g., CHOCH, = CH3; + CH,0), which is formed by
the initial free radical attack on DME, plays a crucial role in
the structure of the DME flame. This decomposition reaction
yields formaldehyde and a methyl radical, consistent with the
observation that £hydrocarbons are formed in similar mole
fraction to those in the ClHlames, which also generate methyl
radicals in their initial reaction step. The increased formaldehyde
in the DME flames can also be rationalized on the basis of this
reaction, which does not occur in methane flames.

A computational study of these four flames was carried out
using two burner-stabilized flame codes, HCT and Chemkin
[11. Initially, comparisons of the predicted major species profiles
for one methane and one DME flame were carried out using

acid to be formed in concentrations above the experimental POth codes. The predicted species profiles for the two flame
detection limit (100 ppm) of our system in the lean DME flame. c0des agreed satisfactorily, albeit not exactly. The computed
Formic acid is predicted to be formed via the addition of P€ak mole fractions of reactant, intermediate, and product
hydroxy! radical to formaldehyde and subsequent decomposition SPecies agreed to within 30% with the experimental peak mole

of the intermediate HOCH20 radical species to formic acid and fractions for all flames except the lean DME flame. For this
a hydrogen atom. flame, the intermediate hydrocarbon species mole fractions, with

the exception of ChD, were over predicted by factors of

approximately 3. The latter flame was observed experimentally
to have an unusually thick luminous zone and broader inter-
mediate species profiles than the other flames. This difference
was not captured by the model, which predicted narrower
species profiles and a faster consumption of DME in this flame,

concentration of formic acid almost three times higher than the ; S . .
detectable limit. The concentrations predicted for the rich DME probgbly leading to the overpredlctlon of '_[he peak mtermed_la_te
gpecies mole fractions relative to experiment. However, it is

and lean methane flames just reach detectable levels, wherea! . . .
important to note that overall the predicted species profiles show

that for the rich methane flame is below the detectable limit. . . ; )
However, it is not surprising that the predicted concentration _satlsfactory agreement with the measured species profiles, both

of formic acid is largest in the lean DME flame as the N shape and peak mole fraction. This indicates that the basic

CH,O + OH = HOCH,0* = HOCHO+ H

Figure 12 shows the concentrations of formic acid predicted
in each flame. In particular, the lean DME flame predicts

concentrations of formaldehyde and hydroxyl radical are also
highest in this flame. Niki et & studied the reaction of
hydroxyl radicals with formaldehyde at a temperature of 299

mechanism used in this study provides an essentially correct
representation of DME oxidation in a flame.

The modeling study verifies the importance of the decom-

K and a pressure of 700 Torr and found that formaldehyde position of the methoxymethyl radical described above. This
exclusively undergoes abstraction rather than addition. However,reaction is the major source of formaldehyde in the DME flames
Stief et al?® have proposed that pressure dependendg€Qir and provides the methyl radical needed to form the obserged C
+ CH,0) may be expected, as the addition reaction is likely to species. The agreement between experiment and simulation for
proceed via a chemically activated adduct. This issue is also peak species mole fractions and profile shapes in both methane
discussed in our modeling of a separate work on the low- flames verifies that, when a well-established chemical kinetic
temperature oxidation of dimethyl ether in a flow rea&ve mechanism is available, agreement between experiment and
have employed a high-pressure-limit expression for the addition model is satisfactory. However, the discrepancy between the
of hydroxyl radical to formaldehyde, and therefore, at 1 atm experiment and the model in the lean DME flame indicates that
pressure we expect to overestimate the concentration of formicthe mechanism used in this computational model may need im-
acid produced. provement, perhaps related to the possible existence of reactions
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Figure A-1. Edge-on photographi3.4, 1/60 s) of flat-flame burner
fueled by DME: top ¢ = 0.67); bottom ¢ = 1.49). Diameter of flame
disk = 6.0 cm. Scale of vertical axis has been expanded by a factor of
4 relative to the horizontal axis for clarity.

of activated CHOCH,O, radicals, which have been inferred on

the basis of room-temperature experiments of DME oxidation.
_Phc_)tographlc obse_rvatlons of DME, methane, and ethar!eFigure A-2. Photographf@.4, 1/60 s) of DME Meeker burner diffusion

diffusion flames stabilized on a Meeker burner, as presented in flame. DME volume flow= 330 cn$ minL.

the Appendix, have demonstrated that the luminosity of the

DME flame is much less intense than that of an ethane flame gre generated because essentially ng @dicals are formed,

having the same volume (and, therefore, cardohydrogen  and these radicals are the source of the higher-molecular-weight
mass) flow rate. This result suggests that soot generation in ahydrocarbons which can lead to soot generation. This is the
DME diffusion flame (which is present in a diesel engine reason pool fires of methanol are very dangerous because they
combustion chamber) is inherently less than that generated byproduce no particulates, and, therefore, essentially no luminosity
longer-chain hydrocarbon fuels, an observation consistent with that can warn of the presence of fire. The second possibility is
the low exhaust particulate emission from a diesel-powered, that DME does not form appreciable particulate emissions
DME-fueled vehicle. DME does produce soot emission when simply because DME is a gaseous rather than a liquid fuel. The
the rate of fuel flow is increased by 50%, as might be expected absence of liquid droplets in the engine cylinder during fuel
on the basis of the observed formation of higher-molecular- injection can marked]y reduce soot generation by incomp|ete
weight (G and G) hydrocarbon species in the flame zone of combustion of these liquid droplets and can promote more

the flat-flame burner, but the luminosity is still much lower than  complete mixing of the fuel with air during the fuel injection
that of the ethane flame. process.

To explore this question, atmospheric-pressure diffusion
flames of three gaseous fuels (&HC,Hs, and DME) were

hotographed by a digital camera using identical apertures and

xposure timesf2.4, 1/60 s). These flames were stabilized on
a Meeker burner, 3.5 cm in diameter, whose air intake slots
had been sealed to preclude introduction of air into the fuel
exiting the top of the burner, thus providing a pure diffusion
flame. In these experiments, the mass flow rate of carbon

Flame Thickness. Figure A-1 presents edge-on, digital hydrogen was maintained essentially constant for all three fuels.
photographs of the lean and rich DME flat flame using identical This was done because GEbmbustion provides the source of
aperture and exposure timé@, 1/60 s). The scale of the heat release in all of these fuels, and in a diesel engine, the
photograph can be determined by noting that the diameter of amount of heat released will be similar for all fuels under similar
the flame disk is 6.0 cm and that the scale of the vertical axis operating conditions. Therefore, the volume flow rates of ethane
has been expanded by a factor of 4 relative to the horizontal and DME were adjusted to be nearly identical (220 and 215
dimension to provide better clarity in measuring the flame cm?®min2, respectively), while the volume flow rate of methane
thickness. The thickness of the lean flame is 1.5 mm, whereaswas twice as large (440 émin-1), because it has only one
that of the rich flame is 0.4 mm for the very bright band and carbon atom. Pictures of each of these flames are shown in
0.65 mm including the much dimmer region. Figure A-3. The luminosities are very different from one another,

Particulate Emissions.A major reason for this study of the  and luminosity is a measure of the particulate loading within
combustion chemistry of DME is to shed more light on the the flame. Very little luminosity is observed from the DME
particulate formation process in DME flames. As mentioned in diffusion flame, whereas that of the ethane flame is very bright.
the Introduction, DME is a good diesel engine fuel that produces Methane produces a luminous flame but one that is much less
very low particulate emissions in contrast to conventional fuels. bright than that of ethane. The ethane flame produces sufficient
Two possibilities could explain the lack of particulate emissions. luminosity to cause reflections from the Pyrex chimney that
First, the chemistry of DME might be such that little particulate shields the burner from air currents, as shown in the figure.
matter is formed during its combustion. This is the case for These photographs indicate that, at this mass flow condition,
methanol flames because the initial step in methanol combustionDME generates much less particulate mass than does ethane.
leads to the production of either GBI or CH,OH radicals, When the volume flow of DME is increased to 335%tmin~1,
which are rapidly converted to GB and thence to CO and the DME flame produces visible luminosity (Figure A-2)
COs,. Thus, in moderately rich methanol flames, no particulates comparable to that of methane fuel at the lower carbon mass
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Figure A-3. Photographsfg.4, 1/60 s) of Meeker burner diffusion
flames: top= ethane (220 cfmin~?); middle = methane (440 cf
min~1); bottom= DME (215 cnf min™?).

flow rate. Thus, under the appropriate conditions, DME does
produce soot, as might be expected from the observation in the
flat-flame-burner experiments that Gpecies are produced in

Kaiser et al.

the DME flame front. However, the fact that DME produces
much less luminosity than an ethane flame at the same volume
(and carbon mass) flow rate, indicates that the low soot emission
from DME in a diesel engine may result from the fact that
combustion of DME in a diffusion flame inherently produces
lower soot formation rates at the same operating condition than
do most hydrocarbon fuels. This may result partially from the
fact that DME carries some oxygen in its molecular structure,
which may reduce particulate formation in a diffusion flame.
The fact that it is a gas probably also lowers the soot emission
even further relative to that of a liquid fuel in diesel-fueled
vehicles.
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