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Abstract: The paper describes a dual-resolution Raman spectroscopy instrument for simultaneous measurements of major species, including
combustion intermediates, in DME-air flames. The precision and the accuracy of the instrument are determined by comparison to laminar flame
calculations. Concentration profiles measured in turbulent DME-air
flames are compared to profiles obtained using a previous approach that
relies on laminar calculations to determine the intermediates concentrations from the total hydrocarbon Raman signal.
1.

Introduction
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Development and validation of numerical models for turbulent premixed and non-premixed
flames require detailed experimental data. Close collaborations between modellers and
experimentalists in the TNF workshop [1, 2] have led to the selection of target cases for
which large experimental databases are generated and several models tested. A key experimental technique in generating these databases has been 1D spontaneous Raman scattering
(SRS) [2]. In the multi-scalar laser diagnostic laboratory at Sandia`s Combustion Research
Facility (CRF) we combine SRS with Rayleigh scattering and two-photon laser induced
fluorescence (LIF) of CO to obtain instantaneous (400 ns) and simultaneous measurements
of temperature and major species concentration in hydrocarbon flames over a 6 mm line
with 100 micron resolution. A detailed description of this instrument is provided in [3].
The applicability of the instrument has been limited to H2-air or CH4-air flames. In recent years the interest of the scientific community shifted toward fuels more complex than
H2 and CH4 and in particular toward biofuels. Biofuels are renewable, can reduce greenhouse emissions and decrease the dependence on imported fuels. Dimethyl ether (DME)
was identified as a potential alternative diesel fuel, due to low NOX and particulate emissions and good autoignition properties. The low C2 and soot precursor formation makes
DME a good candidate for Raman measurements, due to lower interference levels compared to other hydrocarbons.
Barlow et al. [4] showed that hydrocarbon intermediates in methane-air flames can be
neglected without significantly affecting the total hydrocarbon mass fraction or the
Rayleigh temperature measurements. This fortuitous condition does not hold in DME-air
flames. Figure 1 shows mole fractions of DME and combustion intermediates in an unstrained laminar DME-air flame for equivalence ratio Φ=0.67, computed with Chemkin
PRO using the mechanism proposed by Zhao [5]. The combustion intermediates constitute
a significant fraction of the total hydrocarbons, therefore they cannot be neglected. The
Raman and Rayleigh cross section of these intermediates differ from the DME cross section
[6], preventing direct measurements of the total hydrocarbon fraction from a single hydro-

Figure 1: Mole fraction of DME and combustion intermediate against temperature in a unstrained DMEair flame, computed with Chemkin PRO
carbon channel. This makes Raman measurements in DME-air flames much more challenging because five additional species must be evaluated. Raman measurements of intermediate hydrocarbons are challenging because no theoretical calculations of the Raman spectra

are available, and because of the significant overlap between the spectra. Fuest et al. [6]
circumvented the need of directly measuring the combustion intermediates by estimating
the relative hydrocarbons concentration based on laminar flame calculations. This approach
becomes less reliable as the flame probed departs from the assumed laminar behavior, as
for example near extinction.
Recent efforts have been focused on direct measurements of the major combustion intermediates. Fuest determined the temperature dependence of the C2H2 Raman signal, and
showed C2H2 profiles collected in laminar and turbulent DME flames. In this paper we
show the first direct measurements of major species and the main hydrocarbon combustion
intermediates, in laminar and turbulent DME-air flames, obtained with a new, dualresolution Raman spectroscopy system. The instrument allows simultaneous collection of
“low resolution” spectra in the 760-4600 cm-1 Raman shift range for measurements of N2,
O2, CO, CO2, H2, H2O, C2H2 concentrations, and “high resolution” Raman spectra of DME
and its intermediates in the C-H stretch region. Spectra at higher resolution show smaller
overlap, allowing better separation between the hydrocarbons. Spectral libraries, obtained
from measurements in heated jets and laminar flames are used to extract the hydrocarbon
species concentration using an extension of the hybrid matrix inversion approach described
in [7]. The paper describes the experimental set-up and discusses the accuracy and the precision of the measurements. Concentration and temperature profiles obtained in turbulent
DME flames stabilized on the Sandia piloted burner are compared to profiles extracted
from the same data, using Fuest`s approach.
2.

Approach

The primary obstacle to direct Raman measurement of DME and its intermediates in
turbulent flames is the lack of theoretical Raman spectra. Recently, we collected spectra for
DME and other relevant combustion intermediates (CH4, C2H4, C2H6) heated up to 900 K
using a high resolution spectrometer. Experimental spectra were approximated to a sum of
Gaussian profiles and extrapolated to higher temperatures. Measurements and calculation in
laminar flames were used to determine the total Raman signal as a function of the temperature for each hydrocarbon, and the extrapolated spectra were scaled accordingly. CH2O
spectra were obtained by sampling products of pyrolysis of DME, diluted with N2 to reduce
the temperature.
A second major challenge posed by measurements in DME-air flames is the significant
overlap between the spectral features of the hydrocarbons of interest as shown in Fig. 2.
The Raman spectra in figure were collected by probing jets of electrically heated hydrocarbons using the Raman instrument of [3]. Spectral overlap of Raman features is very detrimental when the matrix inversion (MI) approach [8] is chosen to acquire and process the
Raman signals. In the MI approach, the Raman signals are integrated over fixed spectral
regions (Raman channels), reducing the readout noise and allowing fast processing. Raman
channels are chosen to collect most of the signal from a single species, and only small contributions (crosstalk) from other species. In the presence of large overlap between the Raman spectra the crosstalks become large, and discerning between the contributions of the
different species more challenging. The issue is exacerbated by the “bowing effect” an
intrinsic feature of the type of spectrometer used, causing a distortion (“bowing”) of a
straight slit. An apparent shift toward the red of up to 5 pixels (~15 cm-1) is commonly
observed between the optical center and the edge of the image. When the Raman spectral
features are overlapped, the Raman signal collected on each Raman channel becomes
strongly dependent on the position along the probed line, further complicating the calibration process, and increasing the sensitivity of the instrument to beam steering and to errors
in the calibration.

Figure 2. Hydrocarbons spectra at 800 K imaged with the "low resolution" detection
system. The dashed line shows the “bowing effect” on the C2H6 spectrum.
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Overlap between the Raman spectral features can be mitigated by increasing the dispersion of the grating, but this would reduce the range of Raman shift that can be imaged on
the camera. To extend the capabilities of Sandia`s SRS/Rayleigh scattering system to measurements in DME-air flames we added a second complete detection system, identical to the
first, except for a higher dispersion holographic grating (4165 lines/mm, double pass) replacing the previous 1200 lines/mm grating. Figure 3 shows a schematic of the new instrument.
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Figure 3. Schematic of the Dual-Resolution Raman/Rayleigh instrument.
The new, dual-resolution SRS-Rayleigh system acquires simultaneously the Raman signal on two detection systems. The “low resolution” detection system images the Raman
signal in the 760-4600 cm-1 Raman shift range with a 3 cm-1/pixel dispersion. This is the
detection system used in previous SRS/Rayleigh measurements at Sandia`s Combustion
Research Facility, and it collects Raman signal from all the major species in hydrocarbonair flames. The “high resolution” detection system provides the Raman signal in the 26803280 cm-1 Raman shift range with a 0.43 cm-1/pixel dispersion. Hydrocarbons spectra at
800 K collected with the high resolution system are shown in Figure 4. Raman channels are
identified by the vertical dotted line. The overlap between the hydrocarbons spectra is reduced with respect to what obtained with the “low resolution” system (Figure 2), reducing
the crosstalks, and the sensitivity to the bowing effect. Data collected on the “low resolution“ system were used to determine N2, O2, CO2, CO, H2, H2O and as recently shown by
Fuest [9, 10], C2H2. The “high resolution” system provided concentrations of CH4, C2H4,
C2H6, CH2O and DME.

Figure 4. Hydrocarbon spectra at 800 K imaged with the "high resolution" detection
system. The CH2O spectra contains also DME and CH4; the magenta vertical lines
indicate the CH2O binning channel.
Accurate Raman measurements require a calibration of the instrument. Cold gas measurements of air, H2, and hydrocarbons, allow determining the Raman and the Rayleigh
cross section of N2, O2, H2, CH4, C2H4, C2H6, and DME at ambient temperature. Raman
measurements in a set of H2-air Hencken burner flames are used to calibrate the H2O Raman cross section, and crosstalk of H2 and H2O on other channels. Similarly Raman measurements in a set of premixed CH4-air flames from a flat-flame burner provide calibration
for CO2, CO and their crosstalk terms. The laminar premixed flame burner, introduced in
[3] provides a nearly vertical flame (orthogonal to the laser direction) that is well approximated by unstrained laminar flame calculations. CH4-air, C2H4-air and C2H6-air flames with
an equivalence ratio of Φ~0.7 were used to calibrate the temperature dependence of the
Raman signal in the CH4, C2H4 and C2H6 channels respectively and their crosstalk on all the
other channels. Laminar flame calculations were performed with Chemkin using GRI Mech
3.0 and multi-component transport with the Soret effect included. DME and formaldehyde
temperature dependence were “calibrated” by matching measurements in a DME-air verti-
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cal flame to laminar calculations from Chemkin using the Zhao mechanism. Uncertainty in
the mechanism is thus carried in to the experiment, especially for CH2O.
3. Results and Discussion
Measurements in a 4:1 DME-air flame from a Tsuji burner were taken with the new instrument at distances from the burner ranging from 0.5 to 15 mm. Detailed description of
the burner can be found in [4]. Measurements are compared to laminar calculations to determine the accuracy and the precision of the instrument.
Major species concentrations and temperature profiles measured in a set of DME-air
flames provided by the Sandia piloted burner will be shown in the final paper. The paper
will include a comparison of the temperature and concentration profiles obtained using
Fuest`s approach [6], and the extended matrix inversion approach here described.
4.

Conclusion

This work describes the first direct Raman measurements of DME and its major intermediates in laminar and turbulent DME-air flames, using a novel dual-resolution Raman
spectroscopy instrument. The instrument is described; the precision and the accuracy of the
measurements are discussed. Experimental measurements in a set of DME-air flames provided by the Sandia piloted burner, are compared to results obtained using a previous approach.
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