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Abstract 

The growth characteristics of polycyclic aromatic hydrocarbons (PAHs) in laminar dimethyl ether (DME) 

diffusion flame were investigated experimentally. Methane and propane laminar diffusion flames were also 

investigated for a comparison of their combustion characteristics. Laser-induced fluorescence (LIF) and 

laser-induced incandescence (LII) techniques were used to measure the relative concentration of soot and PAHs, 

respectively. Two-dimensional images of the OH-LIF, PAHs-LIF, and LII from soot were measured in the test 

flames. Furthermore, to investigate the growth characteristics of the PAHs in the flames, the fluorescence spectra of 

the PAHs were measured at several heights in the flames, using a spectrograph. The molecular size of the PAHs was 

estimated based on an emission wavelength region of the PAHs-LIF that varied along with the PAH size. The results 

show that although the PAHs were widely distributed within the unburned region similar to that of the methane and 

propane flames, the intensity and detection region of LII were much smaller than that of the methane and propane 

flames. The PAHs-LIF spectra indicated that the growth of the PAHs within the DME flame was much slower than 

the methane and propane flames, and thus a large number of small PAHs were discharged into the OH region 

distributed around the outer edge of the flame. 
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1. Introduction 

Dimethyl ether (DME) has great potential to contribute to a sustainable society; it can produce syngas from 

various resources, such as biomass, animal waste, and sewage sludge as well as natural gas, liquid-fuel and coal. 

The physical properties of DME are similar to those of liquefied petroleum gas (LPG); the infrastructure of LPG can 

be utilized for the storage, handling, and distribution of DME [1]. In recent years, techniques that involved direct 

DME synthesis from syngas have been developed [2-4], and the techniques should reduce the cost of production of 

DME in large quantities. Therefore, DME is attractive as an alternative fuel for various combustion devices. 

The application of DME in a compression-ignition (diesel) engine is especially suitable. Because DME exhibits 

a low boiling point (248 K) and a high cetane number (CN=55-60), a low auto-ignition temperature (623 K), fast 

mixture formation, prompt auto-ignition and excellent cold start can be achieved [5]. In addition, due to its high 

oxygen content (35% by weight) and lack of carbon-carbon bonds, a reduction in exhaust emissions, especially soot, 

has been confirmed [6-9]. Furthermore, the properties such as a high CN and a low evaporating temperature are 

useful for a homogeneous charge compression ignition (HCCI) engine. An investigation of an HCCI engine fueled 

with DME was performed [10,11], and mixtures of DME/hydrogen [12], DME/natural gas [13,14], and 

DME/methanol-reformed gas (MRG) [15] were applied to an HCCI engine for ignition timing control. DME can 

also be used in gas turbines and boilers as an LNG substitute. Lean-premixed combustion is an effective technology 

to reduce NOx emission in continuous combustion systems, but spontaneous ignition or flashback can easily occur in 

the case of DME due to its low auto-ignition temperature and high burning velocity. To develop a combustion 

technology using DME with low NOx for gas turbines and boilers, it is necessary to introduce a new concept and 

technology [16,17]. 

An understanding of the combustion properties of DME is important to optimize DME combustion in various 

combustion devices. A number of kinetic studies regarding the pyrolysis and oxidation of DME have been 

performed [18-24], and detailed chemical kinetic models of DME were recently developed by Fischer et al. [25] and 

Curran et al. [26]. Kaiser et al. [27] measured the profiles of chemical species in a DME-air premixed flat flame at 

atmospheric pressure and obtained profiles that were compared to computational results based on a kinetic model. 

They also presented a photograph of DME diffusion flame [27], and the photograph clearly showed the existence of 

luminosity from soot particles. However, no experimental data regarding the DME diffusion flame were reported in 

the article. The growth characteristics of the PAHs and subsequent soot formation mechanism in a DME diffusion 
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flame are not yet known. 

In this study, we investigate the growth characteristics of polycyclic aromatic hydrocarbons (PAHs) in DME 

diffusion flame. The PAHs are considered to be precursors of soot particles from the molecular reactants in a flame. 

The PAHs are considered to be the building blocks that undergo chemical reactions to form incipient soot [28-30]. 

Laser-induced incandescence (LII) and laser-induced fluorescence (LIF) were applied to obtain information 

regarding soot and PAHs, respectively. We measured the two-dimensional distribution of the PAHs-LIF in a DME 

diffusion flame, and laser-induced incandescence (LII) was also measured to visualize the soot distribution. 

Furthermore, the growth characteristics of the PAHs were discussed based on the profiles of the PAHs-LIF spectra. 

 

2. Experimental Apparatus and Method 

The laser diagnostic system used in this study consisted of an excimer laser (Lambda Physic, LPX-150T), a 

spectrograph (Chromex, 250IS), and an ICCD camera (La-Vision, FlameStar ΙΙ). Figure 1 shows schematics of the 

optical arrangements. For the two-dimensional measurements of the OH-LIF, PAHs-LIF, and LII from the soot (Fig. 

1(a)), a narrow-band KrF excimer laser (linewidth: ~0.3 cm
-1

, pulse duration: ~24 ns) was used for the excitation of 

the OH, PAHs, and soot particles. The wavelength of this laser could be tuned within a range of 247.8-248.8 nm. For 

the OH-LIF measurement, the wavelength of the laser was set to 248.457 nm to excite the P2(8) transition within the 

A-X(3,0) band of the OH molecule. The lower state population of the P2(8) transition was not sensitive to 

temperature variations in the vicinity of the flame front [31]. For the PAHs-LIF and LII measurements, because the 

excitation bands of the OH, hot-O2, [31] and NO [32] existed in the tunable wavelength region of the KrF excimer 

laser, the wavelength of the laser was tuned to 248.469 nm, which did not coincide with the excitation lines of these 

molecules. The laser light was formed into a light sheet (0.5 mm×20 mm) by an aperture and was introduced into a 

target flame with a pulse energy of 100 mJ. Laser-induced emissions were detected by the ICCD camera, which was 

oriented perpendicular to the laser beam direction. The LIF and LII images were obtained by averaging 1000 laser 

shots. 

Figure 1(b) shows the optical arrangement that was used for the emission spectra measurements. The laser light 

was focused with a spherical lens (f=1000 mm) and was introduced into the target flame. The laser-induced 

emissions were analyzed by the spectrograph with the ICCD camera, which had a resolution of 384 

(horizontal)×288 (vertical) pixels. The grating of the spectrograph had 100 grooves/mm (blazed for 450 nm), and a 
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spectral bandpass of 300 nm could be captured with the ICCD camera. The spectrum within the 300 nm width was 

distributed over 384 rows in the ICCD camera, which resulted in a spectral resolution of 2.4 nm using an entrance 

slit width of 20 μm. 

The test flame used in this study was a laminar jet DME diffusion flame at atmospheric pressure. In addition, 

methane and propane diffusion flames were used for a comparison of their combustion characteristics. The test 

burner consisted of two concentric nozzles with inner diameters of 6 mm and 56 mm. The fuels flowed through the 

inner nozzle, and the length of each flame was 30 mm. The flame length was defined as the distance from the nozzle 

to the luminous flame tip. The fuel flow rates were set to 0.11 L/min of DME, 0.08 L/min of methane and 0.05 

L/min of propane. To stabilize the flames, an annular airflow (temperature: 298 K) was applied to the outer nozzle. 

The velocity of the laminar airflow was 0.5 m/s, which was measured by a thermal anemometer (Kanomax, 

Aneomaster model 24-6131). The flame temperature was measured using a Pt/Pt-Rh 13 % thermocouple with a bead 

diameter of 200 μm. The thermocouple was placed into the flame for a short period of time to minimize soot 

accumulation on the wires. The soot deposited on the thermocouple was burned off by a blue flame before each 

temperature measurement. The measured thermocouple temperatures were corrected to account for radiative heat 

losses, which assumed a spherical bead geometry. The correction was based on a procedure reported by Bradley et al. 

[33]. 

 

3. Results and Discussion 

3.1. Planar distributions of soot, PAHs and OH 

Figure 2 shows two-dimensional images of the LII, PAHs-LIF and OH-LIF obtained from the test flames. The 

acquisition procedures of these images were described in a previous study [34]. Photographs of the test flames are 

also shown in this figure. The luminosity of the DME diffusion flame was much weaker than that of the methane 

and propane flames, but the appearance of the luminous zone in the DME flame proves the existence of soot 

particles within the flame. A very low LII intensity from the DME flame implies a very low soot concentration, and 

the narrow detection region of the LII implies that the soot formation was relatively slower than the other flames. In 

contrast with the LII, the PAHs-LIF from the DME flame was widely distributed in the unburned region. Although 

the PAHs-LIF intensity of the DME flame was also lower than the methane and propane flames, a significant 

intensity difference (as with the LII) could not be confirmed. The OH-LIF images show that the OH radicals were 
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distributed around the outer edge of the flames, and a significant difference was not observed in the intensity. The 

LII and PAHs-LIF were detected within the OH-LIF region. In the OH-LIF images of the methane and propane 

flames, although it seems that some fluorescence was detected in the fuel region, this was due to an error in the data 

acquisition procedure [34].  

3.2. Axial profiles of the temperature: LII, PAHs-LIF and OH-LIF 

Figure 3 shows the axial temperature profiles of the test flames. The temperature of the DME flame within the 

fuel pyrolysis region was lower than the other flames. The flame temperatures just after the nozzle exit were 527 K 

(DME), 695 K (methane) and 744 K (propane), and each temperature increased sharply from the nozzle exit; the 

slope then changed slowly around z=16 mm (DME), 11 mm (methane), and 7 mm (propane), respectively. For all of 

the flames, the temperatures increased sharply again around z=23 mm and reached a peak around z=30 mm, which 

corresponds to the luminous flame tip region. The maximum temperature in the DME flame was 1888 K (z=31 mm), 

and this temperature was higher than the methane (1804 K at z=29 mm) and propane (1808 K at z=28 mm) flames.  

Figures 4-6 show the relative intensity profiles of the LII, PAHs-LIF and OH-LIF on the flame axis along with 

the temperature profiles. The PAHs-LIF profiles suggest that aromatic rings quickly formed near the nozzle exit (z<5 

mm) in each flame, and the concentrations of the PAHs subsequently increased along with the distance from the 

nozzle. Especially in the propane flame, the formation of an aromatic ring was relatively quick (z≈2 mm), and a 

rapid increase in the PAHs concentration was observed. The pyrolysis of propane generates propargyl (C3H3) 

radicals, and benzene (C6H6) and/or phenyl (C6H5) might be quickly formed by a propargyl recombination reaction 

[35]. Furthermore, because the species of an aromatic ring precursor were abundant compared to the methane flame 

[36], the rate of the PAHs was higher than that of the methane flame. 

 Regarding the DME flame, the rate of increase of the PAHs-LIF intensity was higher than that of the methane 

flame for the low-temperature region (z<15 mm). The concentration of acetylene (C2H2) and methyl radicals (CH3) 

in a counterflow diffusion flame fueled by DME and methane was calculated by Yoon et al. [37]. Acetylene is 

known as the key species in the hydrogen abstraction and acetylene addition (HACA) mechanism [38], which is the 

one of the popular mechanisms for the growth of the PAHs under the pyrolytic condition. Their results indicated that 

the acetylene concentration in the DME flame is similar to that of the methane flame. In contrast, the concentration 

of methyl radical in the DME flame is much higher than the methane flame for a low-temperature condition 

(T<1500 K). Methyl radical is a building block for the synthesis of aromatic ring precursors such as propargyl 
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radical [39, 40]; therefore, the results of Figs. 4 and 5 reveal that the formation of an aromatic ring in the DME 

flame was quicker than the methane flame for the low-temperature condition.  

In each flame, the peak value of the PAHs-LIF coincides with the location where the LII intensity quickly 

increases, and the PAHs-LIF intensity decreases with an increase in the LII intensity. Tosaka et al. [41] reported that 

large PAHs and soot particles were formed by condensation polymerization and dehydrogenation of 3-5 ring PAHs 

for temperatures in excess of 1400 K. This temperature corresponds to the appearance temperature of the LII in our 

flames, as shown in Figs. 4-6. The disappearance location of the PAHs-LIF coincides with the peak of the LII in the 

methane and propane flames. Meanwhile, because the disappearance location of the PAHs-LIF in the DME flame 

was almost the same as the LII, a large number of PAHs were oxidized by OH radicals before they transformed into 

soot particles. The LII and PAHs-LIF disappeared around the peak of the OH, which is the primary oxidant of soot. 

 

3.3. Growth characteristics of the PAHs within the flames 

The broadband excitation and emission characteristics of the PAH molecules complicate the spectroscopic 

analysis of PAHs in a flame. The selective excitation and detection of individual PAHs in a flame are difficult, such 

that a measurement of the concentration distribution of individual PAH has not been achieved by the LIF technique. 

Generally, because the energy separation between the electronic excited state and electronic ground state decreases 

with an increase in the size of the PAH, the fluorescence wavelength region shifts towards longer wavelengths as the 

size of the PAH increases [42]. Therefore, the growth characteristics from the PAHs to soot particles can be 

estimated from a PAHs-LIF spectrum obtained from a flame because the fluorescence detection wavelengths reflect 

the molecular size of the PAHs. Figure 7 shows the relationship between the peak wavelengths of the PAH-LIF and 

the carbon number of PAH. Benzene is also indicated in this figure. The data of peak wavelengths of each PAH-LIF 

were obtained from precious studies [43-45]. Individual PAHs in the vapor phase were excited by UV laser sources 

(excitation wavelength λex=248 and 266 nm). Figure 7 clearly shows that the peak of the PAH-LIF shifts to longer 

wavelengths as the size of the PAH increases. For large PAHs (carbon number>24), fluorescence data for the vapor 

phase could not be found. 

Figure 8 shows the emission spectra obtained from the test flames on the flame axis. From these figures, it was 

confirmed that the peak wavelength of emission shifts to longer wavelengths as it approaches the sooting regions. In 

these spectra, the peak observed at 496nm is the contribution from the second-order interference from the Mie 
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scattering at the excitation laser line (248 nm). The emission spectra obtained in the sooting region of z>26 mm of 

methane and z>18 mm of propane are considered to be LII because the PAHs-LIF was only slightly detected in these 

positions (see Figs. 5 and 6). The spectrum profiles near the sooting region in each flame were similar to that of the 

LII, whereas the profiles within the fuel pyrolysis region were different from one another. Variations in the spectral 

profile suggest that the small PAH grew to the large PAH as the sooting region was approached.  

In the propane flame, the PAHs-LIF spectrum at z=2 mm had a peak around λem=360 nm, and this wavelength 

corresponds to the peak fluorescence wavelength of 2- or 3-ring aromatics. This result implies that benzene and/or 

phenyl were promptly formed by the propargyl recombination reaction as mentioned above, and the small PAHs 

such as naphthalene and phenanthrene were subsequently formed. At z=5 mm, fluorescence from the PAH molecules, 

which contain approximately 12 to 16 carbon atoms, primarily constituted the spectrum. In front of the sooting 

region (z=14 mm), the PAHs, which have over 20 carbon atoms, primarily constituted the spectrum. The molecular 

mass of the large PAHs (carbon number>20) was over 250 u, whereas the molecular mass of the soot nucleus was 

defined as 2000 u [46]. Thus, the results suggest that the soot nucleus can be easily formed by the polymerization 

and/or coagulation of large PAHs. The spectrum profile at z=17 mm is similar to the LII because this spectrum 

consists of the LII and LIF from large PAHs. 

In the methane flame, PAHs-LIF was only slightly detected near the nozzle exit (z=2 mm). The PAHs-LIF 

appeared at z=5 mm, and the spectrum had a peak around 350nm. Although the benzene existed abundantly at this 

position, the contribution of benzene fluorescence to the observed spectrum should be small because benzene has a 

low quantum efficiency and a low molar absorptivity [47]. Therefore, the emission spectrum of z=5 mm primarily 

consisted of fluorescence from C10~C13 aromatic components. Small variations of the spectrum profiles up to z=11 

mm indicate that the growth of PAHs was relatively slow in this region. This is due to the low concentrations of both 

acetylene and methyl radicals in the low-temperature region of the methane diffusion flame [37]. In contrast, methyl 

radicals formed abundantly in the high-temperature region [37], such that the growth of the PAHs advanced rapidly 

around the high-temperature region (z>14 mm). 

Regarding the DME flame, the fluorescence wavelength region shift towards longer wavelengths was not 

confirmed from z=5 mm to z=17 mm. This result implies that the growth of PAHs is very slow within the fuel 

pyrolysis region. Recently, the growth mechanism for the PAHs, methyl addition/cyclization (MAC), was proposed 

by Shukla et al. [48]. We determined that the growth of the PAHs in the DME flame was predominantly due to the 
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MAC mechanism, because the methyl radicals were abundant within the fuel pyrolysis region [37]. The MAC 

mechanism is not efficient for the growth of large PAHs due to a mass growth of only 14 u [48]. This characteristic 

explains the very slow growth of the PAHs in the DME flame. The contribution of the HACA mechanism must be 

small because the pyrolysis of DME generates only a small amount of acetylene under the low-temperature 

condition [37]. Hidaka et al. [49] reported that the pyrolysis of DME hardly yields a propyne (C3H4) and allene 

(AC3H4), which are important species in the aromatic ring formation and the PAH growth processes. Thus, the PAHs 

and subsequently formed soot concentrations in the DME flame were much lower than the methane and propane 

flames. Note that the spectrum of the DME flame at z=26 mm had a relatively high intensity in the short-wavelength 

region (λem<400 nm). This result proves a large number of small PAHs were discharged into the OH region along 

with a very slow growth characteristic of the PAHs. 

 

4. Conclusions 

The growth characteristics of PAHs in the DME diffusion flame were investigated by using laser diagnostic 

techniques. The main results are summarized as follows: 

1. The PAHs-LIF from the DME flame is widely distributed within the unburned region similar to that of the 

methane and propane flames, whereas the LII detection region of the DME flame was much more narrow than 

that of the methane and propane flames. Furthermore, the LII intensity of the DME flame was much lower than 

the methane and propane flames. 

2. The peak of the PAHs-LIF intensity coincides with the location where the LII intensity rapidly increases, and 

the PAHs-LIF intensity decreases with an increase in the LII intensity in each flame. The disappearance location 

of the PAHs-LIF in the DME flame was almost same as the LII, which is unlike the methane and propane 

flames whose disappearance location was the peak of the LII intensity. 

3. The peak wavelength of the PAHs-LIF spectra shifts to longer wavelengths as the soot inception region was 

approached in each flame. The shift of the fluorescence wavelength region toward longer wavelengths 

suggested that the growth of the PAHs within the DME flame is much slower than that of the methane and 

propane flames. 

4. A large number of small PAHs in the DME flame were discharged into the OH region and were oxidized by OH 

radicals. 
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Figure captions 

Fig. 1.  Experimental apparatus 

Fig. 2.  Two-dimensional images of the LII, PAHs-LIF and OH-LIF 

Fig. 3.  Axial temperature profiles of the test flames 

Fig. 4.  Axial distributions of the LII, PAHs-LIF and OH-LIF in the DME diffusion flame  

Fig. 5.  Axial distributions of the LII, PAHs-LIF and OH-LIF in the methane diffusion flame 

Fig. 6.  Axial distributions of the LII, PAHs-LIF and OH-LIF in the propane diffusion flame 

Fig. 7.  Relationship between the peak fluorescence wavelength and the carbon number of PAH 

Fig. 8.  Emission spectra from the test flames 

Figure Captions
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