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Abstract 

Reducing particulate matter formation and emissions by using fuel additives is a topic of interest 

for the petrochemical and automotive engineering industries. A compound which has been 

shown to be effective in this regard is tri-propylene glycol monomethyl ether (TPGME). This 

molecule consists of three ether linkages, an alcoholic group and alkyl branching including 

primary, secondary and tertiary C–H bonds. Its exotic structural features make it challenging to 

accurately model its oxidation. It is these same structural features that make this molecule both 

an exciting additive and a challenging fuel for kinetic modelers to understand. To provide insight 

into the oxidation of this molecule, species measurements have been performed in a jet–stirred 

reactor. Species concentrations are measured at three equivalence ratios; 0.5, 1.0 and 2.0, at a 

constant TPGME concentration of 1000 ppm, a pressure of 1 atm, a constant residence time of 

70 ms and over the temperature range of 530–1250 K. The species measured include global 

reactant and product species, molecular oxygen, carbon monoxide, carbon dioxide, water and 

molecular hydrogen. In addition, a number of soot precursor species are measured namely, 

ethylene, propene, acetylene, allene, 1-butene, propyne and butadiene. A literature model is used 

to predict the experiments and erroneous low–temperature reactivity is predicted by the model. 

The low–temperature reaction kinetics and the base–mechanism of the model is updated using 

recent kinetic insights. Despite the large uncertainties in the assignment of the kinetic parameters 

for this large molecule these erroneous predictions are removed and the model is capable of 

rationalizing the formation of all species measured. 

 

Keywords: Soot precursor, Large molecule, Oxidation mechanism, Jet-stirred reactor, 

Oxygenated additive 
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1. Introduction 

With increasingly stringent emissions guidelines, the petrochemical industry is constantly 

searching for methods of reducing NOx and particulate matter (PM) emissions from the 

combustion of commonly utilized fuels. Numerous studies have previously identified tri–

propylene glycol monomethyl ether (TPGME) as a promising soot reducing additive [1]–[5]. 

These studies cite the use of oxygenated additives as a means to reduce PM emissions from 

direct injection compression ignition engines. Moreover, longer chain poly ether compounds, 

similar in chemical structure to TPGME, have become candidates for partial and/or complete 

replacement of diesel due to their favorable cetane number and high oxygen content [6]. 

TPGME’s high boiling point prohibits its utilization in large quantities in both fundamental 

experiments and practical combustors. However, its structural features, Fig. 1, make it of interest 

from a detailed chemical kinetic modeling perspective. The molecule contains three ether 

linkages, an alcoholic functional group and primary, secondary and tertiary C–H bonds. All of 

these artifacts make TPGME kinetically interesting and challenging in equal measure. 

 

Figure 1: Molecular structure of TPGME. 

Experimentally, TPGME has been studied as a soot reducing additive for direct injection 

compression ignition engines [1],[2],[7],[8]. Theoretically, kinetic modeling was used to 

compare TPGME’s proclivity to form soot precursor species (e.g. ethylene and acetylene) 

[9],[10]. The work of Westbrook et al. [9] found that in comparison to several well-known fuel 

additive molecules, such as methanol, ethanol, methyl butanoate and di-butylmaleate, the poly-
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ether structure of dimethoxy methane and TPGME led to reduced soot emissions. Following this 

a detailed chemical kinetic model was developed by Burke et al. [11]. This model was validated 

by the first fundamental ignition delay time data measured for TPGME. These were measured in 

a shock tube for 0.25 % TPGME, for equivalence ratios of 0.5, 1.0 and 2.0 and pressures of 10 

and 20 bar in the temperature range of 980–1545 K. Using this model, and the amalgamation of 

existing n-hexadecane [12] and PAH models [13] a reduced chemical kinetic model was 

developed [14] and used in computational fluid dynamic simulations to interpret constant-

volume combustion vessel experiments. Of particular interest to Park et al. [14] was the effects 

of various initial ambient temperatures and oxygen content in the fuel on ignition delay time, 

lift–off length and soot formation. 

The previous two studies regarding the chemical kinetic model development [11],[14] of this 

large oxygenated molecule, have lamented the fact that no fundamental kinetic data exist to 

validate the low–temperature kinetics of the TPGME model. This meant that the extrapolation of 

the model prediction outside its validation range were to be treated with skepticism. 

The current study provides experimental data in the low–temperature regime (530–1280 K). It 

directly measures species concentration profiles, as a function of temperature and equivalence 

ratio. Some well–known soot precursor chemical species, such as, ethylene, propene, allene, 

propyne, 1-butene and 1,3-butadiene have been measured, and are used to evaluate the existing 

detailed chemical kinetic model and validate it further. One of the key findings of this 

experimental campaign is the lack of evidence for negative temperature coefficient (NTC) 

behavior for TPGME, which the previous model predicts [11]. 
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2. Experimental Description 

The jet-stirred reactor (JSR) used in this work has been described earlier [15],[16]. It consists of 

a spherical fused silica reactor that can be heated up to 1350 K. The liquid fuel is delivered by a 

HPLC pump to an in-house atomizer-vaporizer assembly where nitrogen is used to atomize the 

fuel. At the exit, the fuel-N2 gas mixture flows to the reactor through a fused-silica tube of 1 mm 

inner diameter. The oxygen-nitrogen mixture is carried separately to prevent fuel oxidation 

before entering the reactor. The nitrogen-fuel and nitrogen-oxygen flows combine ahead of the 

four injectors which provide stirring. Gas flows are regulated by thermal mass flow controllers. 

The reactor is heated by two regulated independent electric insulated wires of 1.5 kW each. A 

probe assembly, consisting of a fused–silica protected S-thermocouple (0.1 mm) and a low 

pressure fused silica sonic probe, can be moved along the reactor center line to verify thermal 

and concentration homogeneity. Gaseous samples are analyzed online by Fourier transform 

infrared spectrometry (10 m path length, 200 mbar). They are also stored at 50 mbar in  1 L 

Pyrex bulbs for off–line analyses using gas chromatographs equipped with several detectors 

(flame ionization, thermal conductivity, and electron impact mass spectrometry).  

TPGME (CAS 2549849-1, > 97.5% purity, Sigma Aldrich) and high purity gases (oxygen 

99.995% pure and nitrogen with < 1000 ppm Ar, <100 ppm H2O, < 50 ppm O2, < 5 ppm H2, Air 

Liquide) were used. The fuel was oxidized at 1 atm, over the temperature range 530–1280 K, at 

70 ms mean residence time, for equivalence ratios of 0.5, 1, and 2, and an initial fuel mole 

fraction of 1000 ppm). The C-balance was found to be within ±10%. Uncertainties on the species 

mole fractions are estimated to be better than ±15%. 
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3. Chemical kinetic model formulation 

The original model from Burke et al. [11] was published with the C0–C4 base chemistry from 

Metcalfe et al. [17] (AramcoMech1.3). The starting point for all alterations was the replacement 

of this base model with the updated Li et al. [18] C0–C4 base chemistry (AramcoMech2.0). This 

update is extensively described by Li et al. [18], and includes changes to ethylene, propene, 

propane, dimethyl ether, methanol and ethanol, all of which are intermediates of varying degrees 

of importance for TPGME and therefore the new base model update was necessary. 

The updates to the low–temperature reaction classes were based on the recommendations from 

Bugler et al. [19]. The original model [11] used the rate rule recommendations from Sarathy et 

al. [20]. As outlined in detail by Bugler et al. [19] these rate rule recommendations require 

updating based on the fact that there are a number of theoretical calculations available in order to 

further constrain the recommendations for these reaction rate constants. Therefore it was 

important for us to employ these rate rule recommendations into our new model and as noted 

throughout the manuscript they have an effect in the predictions. 

The rate constants for Ḣ-atom abstraction by ȮH and HȮ2  have been previously identified as 

sensitive by Burke et al. [11]. Originally the rate constants for these reactions were assigned as 

an analogy to Sarathy et al. [21]. In our current model, we chose to adopt the direct calculations 

for abstraction from C–H sites adjacent to an ether moiety, as per Zhou et al. [22] and Mendes et 

al. [23]. Our choice is based on the fact that the abstraction sites in TPGME are represented as an 

analogy to rate constants for ethers, as opposed to alcohols. 

The rate constants for Ḣ-atom abstraction by larger carbon centered radicals typically have little 

effect on the prediction of ignition delay times. As these were the only validation targets for the 

model of Burke et al. [11] they did not consider these potential reactions. As our current work 
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expands the validation targets to include species–temperature profiles, it was of interest to 

include these reactions in order to test their effect on the prediction of the individual 

intermediate/product species. The effect of these additions on the predictions of the model was 

found to be negligible. Nonetheless, in order to improve the completeness of the detailed kinetic 

model the reactions were retained in the final version. The radical abstractors included are: allyl 

(Ċ3H5-a), vinyl (Ċ2H3), vinoxy (ĊH2CHO), acetyl (CH3ĊO), hydroxymethylene (ĊH2OH), 

formyl (HĊO), ethyl (Ċ2H5), n-propyl (nĊ3H7), iso–propyl (iĊ3H7) and propargyl (Ċ3H3) radical 

abstraction forming allene (C3H4-a) and propyne (C3H4-p).  

The radical β–scission reaction rate constants for analogous carbon centered radicals adjacent to 

an ether moiety, were updated to the high–pressure limiting reaction rate constant calculated as 

part of the work by Burke et al. [24]. Previously, these rate constants were assigned based on the 

recommendation of Fischer et al. [25] and Curran et al. [25]. 

The previous model of Burke et al. [11] did not include the possibility of Ḣ-atom shift 

isomerization reactions between the radicals produced by Ḣ-atom abstraction from TPGME. 

Wang et al. [26] recently calculated reactivity–structure based rate estimation rules for this class 

of reaction and in–line with attempting to publish the most detailed model possible we felt it 

necessary to include these reactions in our current model. The inclusion of these reactions had a 

positive effect on the prediction of the proportion of the intermediate species predicted, but as 

noted later in manuscript the predictions are not perfect. Nonetheless, we believe that the 

inclusion of these reactions is an important improvement of the current models kinetic accuracy 

when compared to the old model. 
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All the changes to the individual reaction's Arrhenius parameters are summarized in the 

supplementary material. The table shows both the previous assignment and the assignment in the 

current model. 

The updated model is included as Supplemental material. Significant uncertainty remains in the 

assignment of the parameters within the current model. This is to be expected considering the 

complexity of the molecule and the lack of any direct measurement and/or calculation of the 

kinetic parameters. For this reason, the model is based on a consistent assignment of available 

rate rule kinetics and application of current group additivity values for the estimation of the 

thermodynamic parameters. Furthermore, the assignment of the unimolecular decomposition 

pathways and H-atom abstraction reaction rate constants are all assigned based on chemical 

analogies. All simulations were carried out using the Chemkin-PRO software [27]. 
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4. Results and Discussion 

In this section the species measurements will be presented and discussed. 
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Figure 2: 1000 ppm TPGME, 1 atm , τres = 70 ms. φ = 0.5 – solid symbols, φ = 1.0 – open 

symbols and φ = 2.0 – half-filled symbols. 

Figure 2 presents the data as a function of temperature and equivalence ratio. The four sub-

figures are split comparing the major reactant (O2), intermediate (CO2) and products (H2O) in 

Fig. 2(a). The next most abundant intermediates CO, CH4, C2H4, CH2O, C2H6 and C3H6 in Fig. 

2(b) and 2(c) respectively. Finally, the least abundant intermediates C2H2, C3H8 and C4H8-1 are 

shown in Fig. 2(d). The first notable point is the fact that regardless of equivalence ratio the 



11 

 

formaldehyde peak mole fraction and the temperature at which it begins to be formed, seem to be 

the same, Fig. 2(c). This suggests the formation pathway of formaldehyde is dependent primarily 

on the fuel concentration. At almost the same temperature propene is beginning to be produced, 

Fig. 2(c). Propene formation, similar to formaldehyde seems to independent of the O2 

concentration. Interestingly, there is an increase in the rate of propene consumption from lean to 

rich conditions, after it has reached its peak mole fraction at approximately 1000 K. At fuel lean 

conditions the propene is consumed faster than under fuel rich conditions. This indicates that the 

O2 concentration has an impact as the temperature increases, as it did not have an impact at lower 

temperatures for formaldehyde, propene, ethylene, methane or ethane. This is unsurprising, as 

when the temperature increases the reaction; Ḣ+O2<=>Ö+OH begins to become dominant, 

producing two radicals from one and increasing the consumption of all stable intermediates. This 

analysis can be summed up briefly by stating that, TPGME concentration controls the net rate of 

production of intermediates at low-temperature while O2 concentration controls it at high 

temperature. 
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Figure 3: 1000 ppm TPGME, 1 atm , τres = 70 ms. φ = 0.5 – solid symbols, φ = 1.0 – open 

symbols and φ = 2.0 – half-filled symbols. Burke et al. model [11] is denoted by the lines. φ = 0.5 

– solid lines, φ = 1.0 – dotted lines, φ = 2.0 – dashed lines. 
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Figure 3(a–f) shows the species mole fractions compared as a function of temperature and 

equivalence ratio. Included in the figure are lines representing the predictions of the Burke et al. 

model [11]. Many of the main species are reasonably predicted in Figs. 3(a–b). This is 

encouraging, considering the model was developed without knowledge of the present data and 

consists of only estimations and rate rule assignments for the reaction rate constants within the 

model. Generally, the model under predicts the intermediate mole fractions, Figs. 3(c–f). 

However, the general trends in the experimental data are still predicted by the model. One 

important error however, is most clearly visible in Figs. 3(d) and (f) at a temperature of 650 K. 

Non-negligible quantities of propene and propyne are predicted by the model, suggesting low-

temperature reactivity. This is not supported by the new experimental data and therefore 

motivates further work on the existing model. 
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Figure 4: 1000 ppm TPGME, 1 atm , τres = 70 ms. φ = 0.5 – solid symbols, φ = 1.0 – open 

symbols and φ = 2.0 – half-filled symbols. The current model is denoted by the lines. φ = 0.5 – 

solid lines, φ = 1.0 – dotted lines, φ = 2.0 – dashed lines. 
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Figure 4(a–f) shows the same species measurements as Fig. 3, but the lines are now denoting the 

predictions of the model developed in this work. Some of the predictions of the intermediate 

species, such as propene and acetylene are slightly improved. However, the main improvement is 

the absence of any low-temperature reactivity, which is visible below 700 K in the fuel–lean and 

stoichiometric mixtures for water, formaldehyde, propene and propyne in Figs. 3(b), (c), (d) and 

(f). The most sensitive reaction class changed was the isomerisations, both the first and second 

(RȮ2<=>QOOH and Ȯ2QOOH<=>KetOOH+ȮH, respectively). As stated in the work of Bugler 

et al. [19] the difference between the new and old rate constant can be up to and above, a factor 

of 40. The rate rules proposed by Bugler et al. [19], which are based on ab-initio calculations 

must be included consistently throughout the reactions classes because inclusion of only one or 

two as shown by Bugler et al. [19] result in worse performance of a model. 

One of the most prevalent reasons for the decrease in low–temperature reactivity is the change to 

the rate constants for β-scission of the most dominantly produced radicals (TPGME-5, -9 and -

13). The rate constant in the current work is at factor of 1.55 faster than the original rate constant 

at 600 K. Additionally, there is a negative slope in the new rate constant for O2 addition which 

makes the new rate constant for this reaction class a factor of 1.61 slower than the original rate 

constants at 600 K. This means that less of the dominant radicals are proceeding via O2 addition 

to the low–temperature reaction pathways using the new model. 
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Figure 5: Local first order sensitivity analysis performed on prediction of O2 mole fraction. 1000 

ppm TPGME, φ = 0.5, 1 atm, 1080 K and τres = 70 ms. 

Figure 5 presents a local first order sensitivity analysis performed at an equivalence ratio of 0.5, 

at a pressure of 1 atm and at a temperature of 1080 K on the prediction of O2 mole fraction using 

the new model. The results show that the most sensitive reactions for the prediction of the O2 

species profiles are all within the base-mechanism. Even after numerous tests on the TPGME 

specific reactions displayed in Fig. 5 no significant improvement could be achieved in the 

predictions of the model. 

Encouragingly, the models both seem to qualitatively capture this trend even if the absolute 

values cannot be predicted. This problem could be helped with further kinetic investigation either 

experimental and/or theoretical. These kinds of investigations would further help in 

understanding what makes this molecule such an effective soot reducing fuel additive. 

 

5. Conclusions and future work 

The advantages of using TPGME as a soot reducing diesel additive have previously been 

reported and practically investigated [1]–[5]. Our understanding of the oxidation mechanism of 

this long chain poly ether is limited, given there exists only one chemical kinetic model in the 

literature. This model was only validated in a temperature range of 980–1545 K, using ignition 
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delay times measured for 0.25% TPGME over equivalence ratios of 0.5, 1.0 and 2.0. Until now, 

there was no fundamental data available to confirm the validity of any chemical kinetic model in 

the low–temperature oxidation regime, which is relevant for compression ignition engines. The 

current paper presents novel species mole fraction measurements for TPGME oxidation from a 

JSR. These measurements were performed for 1000 ppm TPGME over equivalence ratios of 0.5, 

1.0 and 2.0 diluted in nitrogen. All measurements were taken at 1 atm and at a constant residence 

time of 70 ms, covering a temperature range of 530–1280 K. 

The existing literature model predicted low–temperature reactivity (production of intermediate 

species) at temperatures of approximately 600 K. This was not observed in the experimentally 

measured species profiles. The model was updated by incorporating an updated C0–C4 [18] sub-

mechanism. The low-temperature reaction classes were updated, based on the reaction rate rules 

proposed by Bugler et al. [19]. The H-atom abstraction reactions from TPGME by a number of 

intermediate radicals produced during oxidation of TPGME, inclusion of TPGME fuel radical–

radical isomerization reactions via H-atom shifts and minor alterations to H-atom abstraction 

reactions from TPGME by hydroxyl and hydroperoxyl radicals were changed in the current 

model compared to the literature model. 

Following the updates made to the literature model, the new model no longer predicted the 

erroneous low–temperature reactivity predicted by the original one. However, improvements in 

the overall prediction of the new species profiles at intermediate to high temperatures are still 

required. The majority of the improvement required may be addressed by incremental 

improvements in the underlying base–mechanism. It is notable that although the original model 

was developed based on simple estimation and utilization of reaction rate rules is was able to 
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qualitatively predict the major intermediates and the trends within the experimental data, despite 

being extrapolated to the low–temperature conditions. 
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List of figure captions: 

Figure 1: Molecular structure of TPGME. 

Figure 2: 1000 ppm TPGME, 1 atm , τres = 70 ms. φ = 0.5 – solid symbols, φ = 1.0 – open 

symbols and φ = 2.0 – half-filled symbols. 

Figure 3: 1000 ppm TPGME, 1 atm , τres = 70 ms. φ = 0.5 – solid symbols, φ = 1.0 – open 

symbols and φ = 2.0 – half-filled symbols. Burke et al. model [11] is denoted by the lines. φ = 

0.5 – solid lines, φ = 1.0 – dotted lines, φ = 2.0 – dashed lines. 

Figure 4: 1000 ppm TPGME, 1 atm , τres = 70 ms. φ = 0.5 – solid symbols, φ = 1.0 – open 

symbols and φ = 2.0 – half-filled symbols. The current model is denoted by the lines. φ = 0.5 – 

solid lines, φ = 1.0 – dotted lines, φ = 2.0 – dashed lines. 

Figure 5: Local brute force sensitivity analysis performed on prediction of O2 mole fraction. 

1000 ppm TPGME, φ = 0.5, 1 atm, 1080 K and τres = 70 ms. 
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